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Abstract 
The objective of this work was the production of ultrathin 1.7 eV top cells for a 
mechanical tandem stack with silicon bottom cells. The unique aspect of our work was 
MOCVD growth of the AlGaAs cell on a germanium substrate, subsequently com- 
pletely removed by selective etching. Important results include the identification of Ge 
autodoping and unintentional tandem cell formation (p-n junction formation in the Ge 
substrate) as materials-related problems. The former was solved by GaAs backside 
capping of the Ge, and the latter was obviated by substrate removal. A process for 
bonding to a glass superstrate, substrate removal by etching, and application of a back 
contact grid was developed. Working solar cells of GaAs and AlGaAs with thicknesses 
of 5 microns have been demonstrated. 
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SECTION I 
INTRODUCTION 

1.1 RACKGROUND AND MOTIVATION 

T h e  p r a c t i c a l  e f f ic iency  l imi t s  for  si l icon and gall ium arsenide  solar  ce l l s  a r e  

rapidly being approached.") T o  f u r t h e r  improve  e f f ic iency ,  combina t ions  of solar cel ls  

responsive to d i f f e r e n t  regions of t h e  solar  s p e c t r u m  have  been  proposed. Conceptua l ly  

t h e  s implest  of t h e s e  a p p r o a c h e s  is t h e  monoli thic  t a n d e m  cell ,  in which t w o  o r  more  solar 

ce l l  m a t e r i a l s  of d i f f e r e n t  bandgaps a r e  grown o n e  on t o p  of t h e  other .  T h e  t o p  ce l l  

absorbs  and c o l l e c t s  s h o r t  wavelength photons,  passing t h e  r ema inde r  of t h e  s p e c t r u m  t o  

t h e  cell(s)  below it. In t h e  s imples t  e m b o d i m e n t  t h e  c e l l s  a r e  c o n n e c t e d  in ser ies ,  both 

opt ica l ly  and  e lec t r ica l ly .  Despi te  severa l  years  of intensive research ,  t h e  high-ef f iciency 

monoli thic  t a n d e m  c e l l  h a s  r ema ined  a n  elusive goal. Pr incipal  problems conce rn  t h e  

ep i tax ia l  g rowth  of m i s m a t c h e d  semiconduc to r s  and  low-resis tance connec t ions  b e t w e e n  

ce l l s  in t h e  s tack .  

To avoid t h e s e  p rob lems  a n o t h e r  approach  has  been developed in which t h e  t o p  and  

bo t tom ce l l s  a r e  individually op t imized  and  t h e n  mechanical ly  s tacked.  An op t imum 

bandgap combina t ion  of 1.1 a n d  1.7 e V  c a n  b e  achieved  with highly developed sil icon solar  

ce l l s  on t h e  b o t t o m  a n d  AlGaAs ce l l s  on t h e  top. A major  a d v a n t a g e  of t h e  mechanical ly  

s t a c k e d  approach  is t h a t  o t h e r  solar  ce l l  m a t e r i a l s  with t h e  proper  bandgaps could r e p l a c e  

t h e  Si o r  AIGaAs, should increased  ef f ic ienc ies  w a r r a n t  a change. Ano the r  a d v a n t a g e  of 

t h i s  approach  is t h e  avai labi l i ty  of t w o  e l e c t r i c a l  connec t ions  for  e a c h  subcell ,  simplifying 

e l e c t r i c a l  t es t ing  and  providing s o m e  ef f ic iency  a d v a n t a g e  under changing a i r  mass  

condi t ions o v e r  t h e  two-terminal  monoli thic  t a n d e m  cell. T h e  a d v a n t a g e s  a r e  t r a d e d  off 

aga ins t  increased mechan ica l  complex i ty  and possible opt ica l  losses f rom ref lec t ion  and 

gr id  shadow b e t w e e n  t h e  cells. 

While high-eff iciency AlGaAs ce l l s  have  been grown on l a t t i c e - m a t c h e d  GaAs  

substrates,(*) t h e  s u b s t r a t e s  block l ight  t h a t  should b e  passed to  t h e  b o t t o m  cell. I t  is 

t h e r e f o r e  necessary  to c o m p l e t e l y  r e m o v e  t h e  s u b s t r a t e ,  leaving a n  AlGaAs ce l l  of 

approx ima te ly  5 micron thickness.  S o m e  success  has  been r e p o r t e d  using glass  

s u p e r s t r a t e s  and  buried AlGaAs e tch-s top  layers ,  but  problems r ema in  wi th  t h e  yield of 

this  process.  ( 3 )  
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To o v e r c o m e  t h e  problems with s u b s t r a t e  r emova l  our  approach  has  been  to use 

ge rman ium instead of G a A s  substrates .  G e  is closely m a t c h e d  to G a A s  and AlGaAs in 

l a t t i c e  c o n s t a n t  and  t h e r m a l  expansion propert ies ,  a n d  has  been used as a s u b s t r a t e  f o r  

high e f f ic iency  GaAs  solar  cells. (4-6) While G e  is a l so  a n  opaque  subs t ra te ,  it c a n  b e  

removed in a comple t e ly  s e l e c t i v e  manner  by e tch ing  in hydrogen peroxide. T h e  problem 

of e t c h a n t  p e n e t r a t i o n  through pinholes in a n  AlGaAs e t c h  s t o p  layer ,  as has  been 

repor ted  for  c e l l s  on GaAs  subs t ra tes ,  is t h u s  obviated.  

1.2 STATEMENT OF WORK 

T h e  o b j e c t i v e  of th i s  work h a s  been  t h e  deve lopmen t  of technology f o r  fabr ica t ion  

of a thin AlGaAs solar  c e l l  wi th  a n  e f f ic iency  of 1796 at 400 suns. T h e  ce l l  is required to 

h a v e  a bandgap of 1.7eV and  b e  t r a n s p a r e n t  to sub-bandgap photons. Our approach  is 

based upon MOCVD growth  of AlGaAs on G e  substrates .  

T h e  research  p rogram was  divided into t h e  following tasks. Significant 

a c h i e v e m e n t s  w e r e  rea l ized  under e a c h  task,  as br ief ly  descr ibed below. 

Task 1 - C e l l  Design 

This  task  included invest igat ion of both GaAs  a n d  AlGaAs ce l l  designs on 

ge rman ium substrates .  T h e  c e l l  s t r u c t u r e  w a s  a convent ional  p-on-n h e t e r o f a c e  design. 

T h e  goal  of t h i s  t a s k  was  t h e  spec i f ica t ion  of layer  thicknesses  a n d  doping levels,  gr id  

p a t t e r n  design, and a n t i r e f l e c t i o n  c o a t i n g  design. 

Accomplishments:  C e l l  designs w e r e  c o m p l e t e d  for  both G a A s  and  AlGaAs cells. 

A grid p a t t e r n  op t imized  for  500 suns opera t ion  was  designed and  photomasks w e r e  

genera ted .  A t a n t a l u m  pentoxide a n t i r e f l e c t i o n  coa t ing  was designed for  op t imum 

ef f ic iency  in conjunct ion with t h e  AlGaAs window layer.  

Task 2 - G a A s  Cel l  Deve lopmen t  

As a f i r s t  s t e p  in t h e  deve lopmen t  of t h e  thin AlGaAs cel l ,  G a A s  c e l l s  w e r e  to b e  

grown on G e  and  G a A s  subs t ra tes .  T h e  deve lopmen t  of c o n c e n t r a t o r  ce l l  gr id  technology, 

o h m i c  c o n t a c t  metal l izat ions,  and  a n t i r e f l e c t i o n  coa t ings  was to  b e  d e m o n s t r a t e d  on 
G a A s  cells. T h e  del ivery of GaAs  c o n c e n t r a t o r  c e l l s  to Sandia  c o n s t i t u t e d  t h e  f i r s t  

p rog ram milestone. 
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Accomplishments:  GaAs  solar  ce l l s  w e r e  f a b r i c a t e d  on both G e  and GaAs  

substrates .  G a A s  c o n c e n t r a t o r  ce l l s  wi th  a n  e f f ic iency  of 19.0% w e r e  del ivered to 

Sandia. T h e  f o r m a t i o n  of a n  unintent ional  p-n junct ion in t h e  G e  s u b s t r a t e  during GaAs  

c e l l  g rowth  was  ident i f ied as a compl ica t ion  in t h e  use  of G e  substrates .  While t h i s  

par t icu lar  problem w a s  solved by removing t h e  G e  subs t ra te ,  t es t ing  of t h e  ce l l s  with t h e  

s u b s t r a t e  i n t a c t  resu l ted  in deg raded  ef f ic iency  f rom low fill fac tors .  T h e  bes t  e f f ic iency  

achieved  for  a GaAs  ce l l  on a Ce s u b s t r a t e  at  o n e  sun was 16.4%. 

Task 3 - AlGaAs Cel l  Deve lopmen t  

T h e  th i rd  task  involved t h e  deve lopmen t  of MOCVD growth  of AI.2Ga.8As a c t i v e  

layers  for  AlGaAs solar  cells.  AlGaAs so lar  ce l l s  w e r e  to b e  grown on G e  and  GaAs  

substrates .  T h e  del ivery of AlGaAs c o n c e n t r a t o r  ce l l s  to Sandia  was  t h e  second program 

milestone. 

Accomplishments:  AlGaAs solar  ce l l s  w e r e  f a b r i c a t e d  on both G e  and GaAs  

substrates .  1,69 e V  AlGaAs c o n c e n t r a t o r  c e l l s  w e r e  del ivered to Sandia  with a n  

e f f i c i e n c y  of 13.7% at  242 suns. 

Task 4 - S u b s t r a t e  Remova l  S tudies  

Deve lopmen t  of s u b s t r a t e  r emova l  procedures  c o n s t i t u t e d  t h e  final task. 

P rocedures  for  bonding t h e  ce l l  to  a glass  s u p e r s t r a t e ,  removing t h e  s u b s t r a t e ,  and  

applying o h m i c  c o n t a c t s  w e r e  to  b e  developed. T h e  del ivery of thin AlGaAs ce l l s  bonded 

to  a cover  g lass  w a s  t h e  f inal  mi les tone  of t h e  program. 

Accomplishments:  Processing procedures  for  s u p e r s t r a t e  a t t a c h m e n t ,  s u b s t r a t e  

removal ,  back o h m i c  c o n t a c t  gr id  format ion ,  and back an t i re f lec t ion  coa t ing  w e r e  

demons t r a t ed .  A thin ( 5  micron)  G a A s  c e l l  was  produced and  de l ivered  to Sandia. I t s  

e f f ic iency  a c t u a l l y  improved when t h e  s u b s t r a t e  w a s  removed,  f r o m  14.2% to 15.2% at  

o n e  sun. This  c e l l  had paral le l  f inger  gr id  p a t t e r n s  on both s ides  a n d  was  t r a n s p a r e n t  to 

below-bandgap light. A thin AlGaAs c e l l  was  a l so  produced a n d  de l ivered  to  Sandia. This 

c e l l  d e m o n s t r a t e d  t h e  c o m p l e t e  process,  with c o n c e n t r a t o r  ce l l  grid p a t t e r n s  and 

an t i re f lec t ion  coa t ings  on both s ides  of t h e  5-micron cell .  Although t h e  init ial  e f f ic iency  

of t h e  ce l l  was  low d u e  to  poor diffusion lengths  in th i s  par t icu lar  MOCVD run, t h e  ce l l  

did main ta in  its e f f ic iency  through t h e  c o m p l e t e  process,  proving feasibi l i ty  of t h e  

approach.  
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1.3 ORGANIZATION OF THIS R E P O R T  

T h e  r e p o r t  is divided into t h r e e  main technica l  sections:  Sec t ion  2 - Materials  

Development ,  Sec t ion  3 - Process Development ,  and  Sec t ion  4 - T e s t  Results.  Sec t ion  2 
addresses  t h e  m a t e r i a l s  issues involved in t h e  MOCVD growth  of GaAs  and  AlGaAs solar 

ce l l s  on G e  a n d  GaAs  substrates .  This  sec t ion  c o n t a i n s  information on t h e  MOCVD growth  

sys tem,  t h e  solar  c e l l  l ayer  s t ruc tures ,  and  special  problems assoc ia ted  with 

he te roepi tax ia l  g rowth  on Ce substrates .  Sec t ion  3 c o v e r s  t h e  deve lopmen t  of processing 

procedures  f o r  t h e  thin AlGaAs c o n c e n t r a t o r  cell. I t  includes design of t h e  500 suns 

c o n c e n t r a t o r  gr id  p a t t e r n ,  processing of t h e  solar  c e l l  prior to bonding to t h e  s u p e r s t r a t e ,  

a n d  t h e  s u b s t r a t e  r emova l  and  b a c k  side fabr ica t ion  processes  for t h e  thin cell.  Sect ion 4 

descr ibes  test resu l t s  for  t h e  var ious t y p e s  of c e l l s  produced during t h e  program. T h e  

evolut ionary progression s t a r t s  with C a A s  cells grown on GaAs  s u b s t r a t e s  a n d  cont inues  

through thin AlGaAs c o n c e n t r a t o r  cel ls ,  Sec t ion  5 s u m m a r i z e s  t h e  resu l t s  of t h e  

program. Sec t ion  6 discusses  t h e  key  issues ra ised during t h e  program and  a r e a s  for  

f u t u r e  work. 
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SECTION 2 

MATERIALS DEVELOPMENT 

2.1 MOCVD SYSTEM 

Spire  has  developed a n  MOCVD r e a c t o r  specif ical ly  for  GaAs  and  AlGaAs c r y s t a l  

growth.  This  r e a c t o r  ( t h e  SPI-MO CVDTM 450), shown in F igure  I ,  was used for  a l l  

c r y s t a l  g rowth  in t h e  program. A s c h e m a t i c  of t h e  r e a c t o r  is  shown in F igure  2. 

O p e r a t i n g  P a r a m e t e r s  

Some  typical  opera t ing  p a r a m e t e r s  of t h e  SPI-MO CVDTM 450 a r e  as follows: 

1. 

2. 

3. 

4. 

5.  

6 .  

7. 

Composition: 

Doping: 

Full  range  of G a A s  to AlAs and  G a P  to GaAs. 

n-type (SiH4) IOl5 t o  IOl9 cm-3 
p-type (Dh'lZn) IOl5 to 5x1Ol9 cm-3  

Growth  Rate :  0.006 to 0.5 micron/min. 

Uniformity: Thickness: B e t t e r  t h a n  + 5 %  

G r o w t h  Area: 100 c m 2  

Background (undoped) GaAs: n-type, 1 x 10 l 4  ~ m - ~  

Typical  Sys t em Output :  2 to 4 runs p e r  s h i f t  

B e t t e r  than  10% Doping: - 

Specif icat ions 

1. R e a c t i o n  Chamber :  Vert ical  geomet ry ,  water-cooled fused sil ica vessel  with 

a u t o m a t i c  drain and  pump-purge fea tures .  

2. Susceptor:  S i c - c o a t e d  u l t rapure  graphi te ;  var iab le  speed  rotat ion.  

3. Wafer  Loading Area: HEPA-fi l tered a i r  flow c h a m b e r  

4. Baseplate:  Pneumat i ca l ly  posit ioned, water-cooled,  s ta inless  s t e e l  with 

provisions for  susceptor  ro ta t ion  a n d  posi t ive double  O-ring vacuum seal. 

5.  T e m p e r a t u r e  Control :  R F  h e a t e d  with r o t a t i n g  the rmocoup le  a n d  f eedback  

cont ro l le r  for  - + l0C accuracy .  
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6 .  G a s  Del ivery System: 316 s ta in less  s t e e l  f i t t ings  a n d  seamless  tubing, a l l  

c l e a n e d  a n d  passivated;  a l l  welded and face-seal  connect ions;  p n e u m a t i c  

bellows valves; s ta in less  s t e e l  l ine  f i l t e rs ;  "zero-dead-space" manifold with 

4-port bellows valves. 

7. G a s  Control:  Computer-dr iven e l e c t r o n i c  mass  f low cont ro l le rs  and 

t ied-diaphragm l ine regulators.  

8. Arsine Dryer:  GaInAl-type dess ica tor  s y s t e m  for  removal  of oxygen a n d  w a t e r  

vapor f r o m  t h e  a r s i n e  g a s  l ine (installed a f t e r  t h e  e n d  of t h e  program). 

9. Liquid-Source Regulation: Large-volume cooling b a t h s  for  MO sources  with 

0.0 1 "C regulat ion;  pumpout  capabi l i ty  f o r  bubbler changing; ups t r eam liquid 

t raps;  connec t ion  p ieces  supplied to a c c o m m o d a t e  var ious cyl inder  

configurations.  

10. Sys tem Control:  P r o g r a m m a b l e  process  cont ro l le r  l inked to IBM personal  

c o m p u t e r  with dual floppy-disk s t o r a g e  a n d  pr inter ;  full  manual  override.  

11.  G a s  Analysis: Residual G a s  Ana lyze r  s y s t e m  for  rea l - t ime analysis  of t r a c e  

c o n t a m i n a n t s  in t h e  reac t ion  c h a m b e r  (installed a f t e r  t h e  end  of t h e  program). 

12. S a f e t y  Interlocks: Cooling w a t e r  f o r  b a s e p l a t e  and  bell jar;  vacuum sea l  and 

posit ion of baseplate;  process  c h a m b e r  door  lock; exhaus t  l ine  backpressure;  

low a i r  pressure;  toxic-gas-monitor input; sys t em fau l t  a la rm.  

2.2 h4 ATE R I A L C I-] A R A C TE R I2 A TIC N 

To c h a r a c t e r i z e  t h e  doping prof i les  of t h e  as-grown mater ia l ,  a Polaron prof i le  

p l o t t e r  w a s  rout inely used for  a l l  g r o w t h  runs. P rob lems  w e r e  encoun te red  in reliably 

measuring t h e  heavily-doped c a p  l a y e r  a n d  t h e  high-aluminum-content window layer ,  so 

t h e s e  l a y e r s  w e r e  f i r s t  r emoved  by s e l e c t i v e  etching. SIMS (Secondary Ion Mass 

Spectroscopy)  was  a l so  used extensively to c h e c k  t h e  dopant  profiles,  including t h e  

window and  c a p  layers ,  In addition, SIMS was used to c h a r a c t e r i z e  AlGaAs 
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FIGURE 1.  PHOTOGRAPH OF T H E  SPI-MO CVDTM 450 REACTOR. 

FIGURE 2. SCHEMATIC OF THE SPI-A40 CVDTM 450 REACTOR SYSTEM. 
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c o n t a m i n a t i o n  by 0 and  C, and to inves t iga te  G e  autodoping of t h e  layers  when G e  
s u b s t r a t e s  w e r e  used. Typical  SIMS profi les  of Zn and  Si dopants  f o r  a n  AlCaAs  c e l l  a r e  

shown in F igure  3, and  0 and  C impuri ty  prof i les  a r e  shown in F igure  4. Agreemen t  

b e t w e e n  SIMS a n d  Polaron  m e a s u r e m e n t s  was usually within a f a c t o r  of 2 in t h e  b a s e  and  

e m i t t e r  layers  of t h e  cells,  a l though wider var ia t ions w e r e  encountered.  F igure  5 

c o m p a r e s  SIMS a n d  Polaron m e a s u r e m e n t s  f o r  a l l  ce l l  runs in which both  w e r e  measured.  

Genera l ly  t h e  a g r e e m e n t  was  b e t t e r  f o r  n-type layers ,  as e x p e c t e d  f r o m  t h e  d i f f icu l ty  in 

profil ing heavi ly  doped p-type l a y e r s  with t h e  Polaron profiler.  

2.3 G a A s  CELLS C N  GaAs  SUBSTRATES 

Of t h e  so la r  c e l l / s u b s t r a t e  combinat ions inves t iga ted  in th i s  work, t h e  mos t  

developed g rowth  technology a n d  t h e  s implest  f rom a m a t e r i a l s  s tandpoin t  i s  t h e  basel ine 

G a A s  so lar  c e l l  on a GaAs  subs t ra te .  A typical  layer  s t r u c t u r e  for  this  ce l l  is  given in 

T a b l e  1 and  shown in F igure  6(a). G r o w t h  t e m p e r a t u r e s  w e r e  typical ly  700°C for  t h e  

GaAs  layers  a n d  75OOC for t h e  AlCaAs  window layer.  Typical  g rowth  r a t e s  w e r e  4.0 

micron/hour  for  t h e  buf fer ,  b a s e  and  e m i t t e r  layers ,  a n d  2.0 micron/hour  f o r  t h e  window 

and c a p  layers.  Flow r a t i o s  of t h e  Group V to  Group  I11 e l e m e n t s  w e r e  1O:l at  700°C and 

15:l a t  75OOC. 

Table  1. LAYER STRUCTURE FOR G a A s  CELLS GROWN ON 
GaAs  SUBSTRATES BY hlOCVD 

Doping ( ~ m - ~ )  Thickness  ( p  m) Laye r  Mater ia l  

C a p  G a A s  Zn, 8E19 0.30 

Zn, 1E18 0.15 Window 

E m i t t e r  G a A s  Zn, 2E18 0.50 

A1.87Ga. 1 g A s  

Base G a A s  Se, 2E 17 2.0 

Buffer  GaAs  Se, 2E18 2.0 

S u b s t r a t e  G a A s  Si, 2E18 400 
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O F  AlCaAs AND GaAs SOLAR CELL RUNS. 
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2.4 AlGaAs CELLS ON GaAs  SUBST RATES 

T h e  s t r u c t u r e  of a n  AlGaAs so lar  c e l l  is very s imi la r  to t h a t  of a GaAs cel l ,  as s e e n  
i n  Figure 6. T h e  a c t i v e  c e l l  l ayers  ( e m i t t e r ,  base and highly doped base) a r e  composed of 
AlGaAs with a 1.7eV bandgap, ins tead  of CaAs. T h e  ma jo r  d i f f e r e n c e  in t e r m s  of g rowth  

is i n  t h e  g r o w t h  t e m p e r a t u r e .  I t  h a s  been  found by many  worke r s  t h a t  t h e  qual i ty  of 

MOCVD AlGaAs improves  as t h e  g rowth  t e m p e r a t u r e  i s  increased. (7) Growth  

t e m p e r a t u r e s  in  t h e  vicinity of 800°C produce t h e  bes t  AICaAs ,  while 650 to 7OOOC is  

suf f ic ien t  f o r  GaAs. The  higher  g r o w t h  t e m p e r a t u r e s  lessen t h e  effects of oxygen 
impur i t ies  in AIGaAs, a l though t h e  mechanism i s  not  understood at t h e  present  t ime.  

Oxygen  produces par t icu lar ly  p o t e n t  d e e p  recombinat ion levels  in A I GaAs, degrading t h e  

minor i ty  c a r r i e r  l i f e t i m e  and diffusion length in t h e  mater ia l .  Concent ra t ions  of oxygen 

as low as 10 ppm in  t h e  g a s  s t r e a m  have  been  shown to  dras t ica l ly  reduce  m a t e r i a l  

quality. T h e  sources  of oxygen in t h e  MOCVD process  a r e  usually a t t r i b u t e d  to impure  

s o u r c e  gases ,  par t icu lar ly  ars ine,  o r  to leaks in t h e  r e a c t o r  itself. 

W e  have  c h a r a c t e r i z e d  t h e  a m o u n t  of oxygen in AlGaAs ce l l s  by SIMS 

measurements .  To o b t a i n  q u a n t i t a t i v e  information,  oxygen s tandards  w e r e  c r e a t e d  by ion 

implanta t ion  i n t o  samples  of GaAs, AI.2Ga.8As, a n d  AIag7Gael  3As. T h e  analysis was  

c a r r i e d  o u t  by Char les  Evans and Associates.  A typica l  oxygen d e p t h  prof i le  through a n  

AIGaAs c e l l  is shown in Figure 7. The a m o u n t  of oxygen exponent ia l ly  increases  with t h e  

a m o u n t  of aluminum in t h e  AlGaAs layers;  window layers  have  very high concent ra t ions  of 

oxygen. F igure  8 s u m m a r i z e s  t h e  a m o u n t  of oxygen as a func t ion  of t h e  aluminum 

f r a c t i o n  f o r  a number  of cells. W e  have  also t r ied  to c o r r e l a t e  t h e  measu red  oxygen 

c o n c e n t r a t i o n s  in  t h e  a c t i v e  c e l l  l ayers  with ce l l  pe r fo rmance ,  par t icular ly  shor t  c i r c u i t  

c u r r e n t .  F igure  9 shows a plot  of Jsc versus oxygen c o n t e n t  f o r  a number of c e l l s  f r o m  

e a c h  MOCVD run. T h e  e r r o r  b a r s  show t h e  ful l  range  of measu red  values. All  Jsc values  
have  been  normalized t o  a 5% grid shadow, to a c c o u n t  f o r  d i f f e r e n t  grid pa t te rns .  F o r  

t h i s  f igure  all oxygen prof i les  w e r e  measu red  o n  t h e  s a m e  d a y  to  min imize  s y s t e m a t i c  

errors .  Oxygen concent ra t ions  measu red  on previous occasions a r e  indicated by horizontal  

a r r o w s  in  t h e  figure. A t r e n d  toward  higher Jsc wi th  lower  oxygen concent ra t ion  m a y  b e  
infer red ,  par t icu lar ly  i f  t h e  o lder  0 d a t a  a r e  used. However,  i t  i s  c l e a r  t h a t  t h e  l a r g e  

var ia t ion  in  Jsc within w a f e r s  f rom t h e  s a m e  run a n d  t h e  u n c e r t a i n t y  in SIMS oxygen 
c o n c e n t r a t i o n s  m a k e  i t  d i f f icu l t  to c o r r e l a t e  J wi th  oxygen on a run-by-run basis. More 

spat ia l ly  local ized m e a s u r e m e n t s  of Jsc a n d  oxygen c o n c e n t r a t i o n  a r e  necessary t o  

es tab l i sh  a correlat ion,  and t h e  a c c u r a c y  of t h e  SIMS m e a s u r e m e n t  must  b e  improved. 

sc 
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O n e  problem w e  h a v e  had  in th i s  s tudy  is poor reproducibi l i ty  of t h e  abso lu te  

a m o u n t  of oxygen measured  by SIMS. Samples  measu red  at  d i f f e ren t  t imes  c a n  have  

var ia t ions  up t o  a f a c t o r  of six in oxygen concen t r a t ion ,  as seen  f rom F igure  9. Prof i le  

shapes  are reproducible ,  bu t  t h e  ca l ibra t ion  of abso lu te  concen t r a t ion  is not. One  problem 

is in t h e  m e a s u r e m e n t  i tself .  SIMS d e t e c t s  ions spu t t e red  off t h e  s u r f a c e  of t h e  sample.  

Gases  adsorbed  on t h e  s u r f a c e  of t h e  sample  c a n  a l so  c o n t r i b u t e  to t h e  signal. If  t h e  

g a s e s  are adsorbed  faster than  they  can b e  s p u t t e r e d  away,  t hen  a high background is 

measured.  This  background depends  on  t h e  qua l i ty  of t h e  vacuum at  t h e  t i m e  of t h e  

measu remen t ,  and  a l so  on t h e  composi t ion of t h e  sample.  Layers  wi th  high a luminum 

concen t r a t ions  a r e  m o r e  r e a c t i v e  wi th  oxygen,  a n d  so appea r  to have  a higher oxygen 

concent ra t ion .  To e v a l u a t e  t h e  impor t ance  of t h i s  mechanism,  measu remen t s  a r e  made  at 

bo th  high and  low spu t t e r ing  ra tes .  A t  t h e  higher  r a t e s  t h e  r e l a t ive  a m o u n t  of oxygen 

should b e  decreased ,  if s u r f a c e  adsorpt ion is a fac tor .  When th i s  was  done  t h e  oxygen 

prof i le  was  unchanged,  suggest ing t h a t  t h e  m e a s u r e m e n t  is valid. A second source  of 

e r r o r  was  in t h e  oxygen s t anda rd  samples .  Even at high ene rg ie s  oxygen c a n  only b e  

implanted  to a smal l  dep th  in AIGaAs. T h e  s u r f a c e  of AlGaAs is reac t ive ,  becoming m o r e  

so as t h e  AI f r ac t ion  increases.  W e  a t t e m p t e d  to p r o t e c t  t h e  A1.87Ga.ljAs sample  

aga ins t  ox ida t ion  wi th  a 200 A c a p  layer  of GaAs. This  was  successful ,  as no oxida t ion  of 

t h e  sample  was  noted. The  AI G a  As sample ,  however ,  was  not  p ro tec t ed .  In t h e  cour se  .2 .8 
of a yea r  ove r  which t h e s e  measu remen t s  were  done, progressive oxidat ion consumed a 

port ion of t h e  ion implanted  layer ,  degrading  t h e  a c c u r a c y  of t h e  cal ibrat ion.  

Unfo r tuna te ly  t h e  SIMS ana lys t  chose  th i s  AlCaAs sample  as t h e  ca l ibra t ion  s t anda rd  for  

F igu re  9, so t h e  abso lu te  concen t r a t ions  a r e  in quest ion.  

A fa i r ly  wide var ia t ion  in AlCaAs c e l l  qual i ty  was  observed  ove r  t h e  cour se  of t h e  

program. F igu re  10 plo ts  t h e  solar  c e l l  Jsc as a func t ion  of run number.  Run numbers  

w e r e  sequent ia l ,  so it also p lo ts  J as a func t ion  of t ime.  W e  w e r e  ab le  to c o r r e l a t e  

s o m e  of t h e  run-to-run var ia t ions  wi th  c h a n g e s  in t h e  sou rce  gases.  Fo r  example ,  a new 

bottle of a rs ine  w a s  instal led just  be fo re  run 739. Obviously i t  was  no t  a good bot t le .  

O t h e r  changes  in AIGaAs qual i ty  could not  b e  readi ly  c o r r e l a t e d  with t h e  sou rce  gases ,  
and  may  b e  r e l a t ed  to i n t e r m i t t e n t  leaks  in t h e  r eac to r .  W e  have  noted  t h a t  for  t h e  

b e t t e r  runs t h e  sp read  in JSc is less  t han  fo r  t h e  poor runs. Runs  with low Jsc usually 
show a s t rong  g rad ien t  ac ross  t h e  wafer ,  usually f r o m  t o p  to bo t tom on t h e  susceptor .  

This sugges t s  t h a t  oxygen is en te r ing  t h e  r e a c t o r  a t  t h e  t o p  of t h e  bell  jar ,  e i t h e r  f rom t h e  

sc 
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s o u r c e  gases o r  f r o m  a leak,  and is being g e t t e r e d  as i t  passes  o v e r  t h e  AlGaAs layers. 

One w a f e r  which showed a s t rong  g rad ien t  in Jsc was  examined  by SIMS in bo th  good and  

bad  regions. T h e  oxygen prof i les  are c o m p a r e d  in F igu re  11.  T h e  region of low Jsc had 

a b o u t  t w i c e  as m u c h  oxygen as t h e  good region, suppor t ing  ou r  hypothesis. In addi t ion,  
t h e  oxygen prof i le  showed a n  osc i l la tory  f i n e  s t r u c t u r e  f o r  t h e  s a m p l e  a t  t h e  t o p  of t h e  

wafer.  T h e  period of t h e  osci l la t ions cor responds  t o  t h e  ro t a t ion  of t h e  suscep to r  in t h e  

be l l  jar, aga in  sugges t ing  a sma l l  leak. 

Subsequent  to t h e  comple t ion  of th i s  program,  a new MOCVD r e a c t o r  ded ica t ed  to 

solar  ce l l  deve lopmen t  b e c a m e  operat ional .  I t  f e a t u r e s  inc reased  leak  in t eg r i ty  a n d  

provision for removing  oxygen f r o m  t h e  a r s i n e  s o u r c e  gas. Exce l len t  AlGaAs ce l l  resu l t s  

h a v e  been  ob ta ined  wi th  th i s  machine ,  sugges t ing  t h a t  t h e  sou rces  of p rob lems  have  been  

ident i f ied  a n d  e l imina ted .  

2.5 G a A s  AND AlGaAs  CELLS ON G e  SUBSTRATES 

T h e  g r o w t h  condi t ions  and  G a A s  so lar  ce l l  s t r u c t u r e  w e r e  essent ia l ly  t h e  s a m e  f o r  

G a A s  and  Ce subs t ra tes .  This  convenient ly  a l lowed d i r e c t  compar isons  of ce l l s  on  G e  and  

G a A s  s u b s t r a t e s  f r o m  t h e  s a m e  g rowth  run. S o m e  modi f ica t ions  to  t h e  ini t ia l  g rowth  

condi t ions  w e r e  made ,  based  on informat ion  f rom G e  autodoping  s tudies  ( see  
Sec t ion  2.5.2). Namely, in s o m e  cases t h e  f i r s t  half mic ron  of G a A s  was  grown a t  700"C, 

wi th  t h e  r ema inde r  g rown  at  650°C. (However,  no  d i f f e r e n c e  in c e l l  p e r f o r m a n c e  was 

noted ,  w h e t h e r  t w o - t e m p e r a t u r e  o r  s ingle  t e m p e r a t u r e  g r o w t h  w a s  used). No addi t iona l  

e t c h  s t o p  o r  c o n t a c t  l aye r s  w e r e  requi red  fo r  ce l l s  in  which t h e  G e  s u b s t r a t e  was  to b e  

r emoved ,  b e c a u s e  t h e  s e l e c t i v e  e t c h a n t  s topped  a t  t h e  heavi ly  doped  G a A s  l aye r  a t  t h e  

r e a r  of t h e  cell .  

In c o n t r a s t ,  t h e  g r o w t h  of AlGaAs  o n  G e  requi red  s o m e  changes  r e l a t i v e  to g rowth  

on  G a A s  ( see  F igu re  6). T h e  G a A s  b u f f e r / c o n t a c t  l aye r  a t  t h e  r e a r  of t h e  AlGaAs  ce l l  

would block l ight  in t h e  700-870 nm band in tended  f o r  t h e  b o t t o m  ce l l  of a t a n d e m  

s t ruc tu re .  A l aye r  s t r u c t u r e  ana logous  to t h e  f ron t  of t h e  c e l l  w a s  t h e r e f o r e  adopted ,  

wi th  a n  AlGaAs window/etch s t o p  l aye r  a t  t h e  back  of t h e  cell .  T h e  G a A s  c o n t a c t  layer  

could  t h e n  b e  e t c h e d  a w a y  b e t w e e n  t h e  gr id  l ines  o n  t h e  back  of t h e  cell .  In addi t ion,  t h e  

window provides  a he tero junc t ion  ba r r i e r  for  conf inemen t  of minor i ty  c a r r i e r s  in t h e  base  

of t h e  cell .  T h e  g rowth  condi t ions  w e r e  aga in  v e r y  s imi la r  f o r  G a A s  or G e  subs t r a t e s ,  

al lowing a d i r e c t  compar ison  of AlGaAs  ce l l s  f rom t h e  s a m e  g rowth  run. 
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Although closely m a t c h e d  in l a t t i c e  cons t an t  a n d  t h e r m a l  expansion coe f f i c i en t  t o  

GaAs, t h e  use  of G e  subs t r a t e s  in t roduces  a number  of po ten t i a l  p roblems in t h e  g rowth  

process.  T h e  f i r s t  is  cross-doping. G e  i s  a dopan t  in GaAs  and  AIGaAs, while Ga,  As, and 

AI a r e  dopants  in Ge. A t  t h e  e l eva ted  t e m p e r a t u r e s  used for  G a A s  and  par t icu lar ly  

AlGaAs growth ,  doping c a n  o c c u r  by solid phase  diffusion o r  g a s  phase  t ranspor t .  These  

effects were  inves t iga ted  in t h e  1960's a n d  1 9 7 0 ' ~ , ( ~ )  b e f o r e  t h e  MOCVD techn ique  was in 

use,  and w e r e  found to b e  impor tan t .  In par t icu lar ,  vapor  phase  t r anspor t  by HCI was  t h e  

major  c a u s e  of G e  autodoping in GaAs.") Unlike mos t  of t h e  ea r l i e r  growth  techniques,  

MCCVD does  no t  involve t h e  use  of HC1. F o r  this  reason,  as well  as t h e  d i f f e ren t  g rowth  

t e m p e r a t u r e s  and  deposi t ion chemis t ry ,  a n  inves t iga t ion  of G e  autodoping in t h e  MOCVD 

growth  of G a A s  and  AlGaAs was  undertaken.  A less  commonly  recognized  problem is  

doping of t h e  G e  s u b s t r a t e  by indiffusion f r o m  t h e  ep i t ax ia l  layers ;  t h i s  a l so  was  

invest igated.  Another  po ten t i a l  problem re l a t ed  to he te roep i t axy  is  t h e  gene ra t ion  of 

misf i t  d i s loca t ions  f r o m  t h e  smal l  (0.08%) l a t t i c e  misma tch  be tween  G a A s  and  Ge. In 

ea r l i e r  work t h e  dens i ty  o f  th reading  dis locat ions in G a A s  grown o n  G e  was  found to b e  

* ( lo )  Final ly ,  a p rac t i ca l  problem common t o  a l l  f o r m s  of ep i taxy  i s  6 a b o u t  10 per  c m  . 
s u b s t r a t e  prepara t ion  prior to growth.  P rocedures  w e r e  needed  f o r  producing clean,  

c rys ta l lographica l ly  p e r f e c t  G e  surfaces .  These  spec ia l  cons idera t ions  r e l a t ed  to growth  

on  G e  a r e  discussed in t h e  following sect ions.  

2.5.1 G e  S u b s t r a t e  P repa ra t ion  

To ach ieve  high qual i ty  he te roepi tax ia l  l aye r s  on G e  subs t ra tes ,  a c lean ,  
c rys ta l lographica l ly  p e r f e c t  G e  su r face  is required.  W e  found s u b s t r a t e  prepara t ion  to b e  

a c r i t i c a l  and surprisingly d i f f icu l t  a s p e c t  of g rowth  on Ge. A l a r g e  p a r t  of t h e  problem 

was  obta in ing  G e  s u b s t r a t e  w a f e r s  of t h e  des i red  o r i en ta t ion  and  doping wi th  clean,  

polished, damage- f r ee  surfaces .  We usually found i t  necessary  t o  c l e a n  up t h e  su r faces  of 

w a f e r s  as rece ived  f r o m  vendors.  S ince  t h e  n a t u r e  of t h e  s u r f a c e  con taminan t s  was  

unknown and  G e  processing is somewha t  of a lost  a r t ,  a cons iderable  a m o u n t  of e f f o r t  was  

spent  in learning t o  c l e a n  G e  surfaces .  

In s o m e  of t h e  e a r l y  work on  GaAs-on-Ge h e t e r o s t r u c t u r e s  r epor t ed  in t h e  

l i t e r a t u r e  a n  in-situ high t e m p e r a t u r e  CCI e t c h  w a s  used  to  p r e p a r e  a tomica l ly  c l ean  G e  
s u r f a c e s  pr ior  t o  growth.  This  approach  w a s  n o t  pursued h e r e  because  of conce rn  abou t  

G e  autodoping. Instead,  t h e  G e  s u r f a c e  was  c l eaned  by chemica l  m e a n s  ju s t  b e f o r e  
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inser t ion i n t o  t h e  MOCVD reactor. T h e  full  p rocess  is as follows. T h e  ge rman ium 

s u b s t r a t e s  w e r e  polished 2-inch w a f e r s  o r i e n t e d  2-3" off (100) toward  ( I  IO), doped with As 

to  I x I O ~ ~  - 1 ~ 1 0 ' ~ .  T h e  w a f e r s  w e r e  c l e a n e d  in hot  t r ich lore thylene  to r e m o v e  wax 

residues f rom polishing, followed by a c e t o n e ,  methanol ,  a n d  DI water .  I f  res idual  

con tamina t ion  w a s  d e t e c t e d  by oblique i l lumination wi th  a br ight  l ight ,  t h e n  t h e  w a f e r s  

w e r e  mechanical ly  scrubbed wi th  a d e t e r g e n t  solut ion and  thoroughly rinsed in DI water .  

Immedia t e ly  prior to  loading in t h e  g rowth  chamber ,  t h e  s u b s t r a t e s  w e r e  e t c h e d  for  30 

seconds in a 30:2:1 solut ion of H20, H202, and  N H 4 0 H .  T h e  w a f e r s  w e r e  h e a t e d  to  t h e  

g rowth  t e m p e r a t u r e  in flowing hydrogen wi th  no  addi t ional  h igh - t empera tu re  bakes. 

D u e  to p rob lems  wi th  G e  autodoping, i t  was  found necessary  to  a l s o  t r e a t  t h e  back 

s ides  of t h e  G e  w a f e r s  ( see  n e x t  section).  In t h i s  case a layer  of ep i tax ia l  GaAs  was  f i r s t  

grown on t h e  G e  w a f e r  b a c k  s i d e  to  s e a l  it. To o b t a i n  pinhole-free G a A s  layers  w e  used 

G e  w a f e r s  polished on both  sides. T h e  pre-growth cleaning p rocedure  was  t h e  s a m e  as for  

g rowth  on t h e  f r o n t  of t h e  wafer .  A f t e r  a 10 micron undoped G a A s  layer  was  g rown  on 

t h e  back of t h e  Ge, t h e  w a f e r  w a s  aga in  e t c h e d  in t h e  30:2:1 solut ion to  r e m o v e  a n y  

con tamina t ion  o r  s u r f a c e  d a m a g e  f r o m  t h e  f r o n t  side. T h e  G e  w a f e r  w a s  t h e n  r e a d y  for  

ce l l  growth. 

2.5.2 G e  Autodopinq 

By autodoping w e  m e a n  t h e  t r a n s f e r  of G e  a t o m s  f rom t h e  s u b s t r a t e  to t h e  GaAs  o r  

AlGaAs ep i tax ia l  layers.  I t  is a c o n c e r n  because  G e  is a n  n-type dopan t  a n d  could affect 

t h e  doping prof i le  of t h e  solar  cell .  Autodoping is pr imari ly  a gas-phase t ranspor t  p rocess  

in which G e  a t o m s  e v a p o r a t e  (or a r e  chemica l ly  e t c h e d )  f rom t h e  s u b s t r a t e ,  a r e  

t ranspor ted  in t h e  g a s  s t r e a m ,  and  t h e n  incorpora te  in to  t h e  growing layer.  Solid-phase 

diffusion of G e  in to  t h e  ep i tax ia l  l a y e r s  a l s o  occurs ,  bu t  is of lesser  impor tance .  

Signif icant  solid diffusion occurs  only a t  high g r o w t h  t e m p e r a t u r e s  a n d  only immedia t e ly  

a d j a c e n t  to t h e  in te r face .  Gas-phase autodoping,  on t h e  o t h e r  hand, c a n  o c c u r  throughout  

t h e  ep i tax ia l  s t r u c t u r e  as long as a s o u r c e  of G e  is exposed to t h e  g a s  s t ream.  

G e  autodoping w a s  f i r s t  s tud ied  as a func t ion  of g rowth  t e m p e r a t u r e .  U n d m e d  

3-micron GaAs  l a y e r s  w e r e  grown on G e  s u b s t r a t e s  in t h e  t e m p e r a t u r e  r a n g e  of 620  to 

750°C. T h e  doping prof i le  in t h e  ep i tax ia l  l a y e r  w a s  measu red  wi th  a Polaron  Prof i le  
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Plo t t e r .  T h e  resu l t ing  prof i les  are shown in F igu re  12. In gene ra l  t h e  n-type doping 

prof i le  i s  high nea r  t h e  GaAs /Ge  in t e r f ace ,  t hen  dec reases  to a re la t ive ly  c o n s t a n t  level  

through most  of t h e  G a A s  layer .  Qual i ta t ive ly  th i s  c a n  b e  understood as reduced  

au todoping  o n c e  t h e  f r o n t  of t h e  Ce wafer  i s  comple t e ly  covered  by GaAs. However ,  t h e  

exposed back  of t h e  w a f e r  s t i l l  provides  a c o n s t a n t  source  of G e  throughout  t h e  growth.  

Seve ra l  g rowth  var ia t ions  w e r e  t r i ed  during th i s  s e r i e s  of exper iments .  Firs t ,  t h e  

As/Ga r a t i o  was  e i t h e r  1O:l o r  20:l. A t  t h e  higher r a t i o  t h e r e  was  ev idence  of sl ightly 

increased  autodoping. Since n- type doping depends  on  G e  a t o m s  finding Ca s i t e s  in t h e  

l a t t i c e  preferen t ia l ly  ove r  A s  s i tes ,  increas ing  t h e  supply of As  should resu l t  in f e w e r  

a c c e p t o r s  a n d  hence  m o r e  n-type doping. Another  var ia t ion  was  a n  850°C p rebake  in 

AsH3+H2 to r e m o v e  a n y  s u r f a c e  contaminat ion .  Although l i t t l e  improvemen t  in  s u r f a c e  

morphology was  noted  as a resu l t  of th i s  t r e a t m e n t ,  i t  did inc rease  t h e  amoun t  of 

autodoping. A th i rd  var ia t ion  was  a two- t empera tu re  deposit ion,  in which t h e  ini t ia l  half 

micron  was grown at 700"C, t h e n  t h e  t e m p e r a t u r e  was  lowered  to 650°C. Not 

surprisingly,  t h e  s u r f a c e  doping was  c h a r a c t e r i s t i c  of a 650°C g rowth  while  t h e  i n t e r f a c e  

concen t r a t ion  was raised. This  s equence  was  se l ec t ed  to minimize  t h e  number  of 

i n t e r f a c e  t r aps  as well  as t h e  autodoping nea r  t h e  surface.  

T h e  amoun t  of autodoping inc reases  exponent ia l ly  with g rowth  t e m p e r a t u r e ,  as 

shown in F igu re  13. Also shown in t h e  f igu re  i s  t h e  a m o u n t  of au todoping  nea r  t h e  

GaAs /Ge  i n t e r f a c e  and  t h e  number  of l ight-sensi t ive t r a p s  nea r  t h e  in t e r f ace .  T h e  l a t t e r  

quan t i ty  was  d e t e r m i n e d  by compar ing  doping prof i les  measured  in  t h e  d a r k  and  under 

i l lumination. Two examples  a r e  

shown in F igu re  14. A minimum in t h e  number  of t r aps  occur s  a t  abou t  690°C. 

(This i s  a unique capabi l i ty  of t h e  Polaron profiler) .  

In many  cases t h e  Polaron  doping prof i les  w e r e  cont inued  in to  t h e  Ge. O n e  mus t  b e  

cau t ious  abou t  i n t e rp re t ing  th i s  d a t a  because  t h e  prof i ler  was  not  ca l ib ra t ed  fo r  Ge,  and  

t h e  qua l i ty  of t h e  e l e c t r o l y t e  Scho t tky  bar r ie r  was  poorer  for  Ge. However ,  t h e  G e  
doping va lues  f rom t h e  Polaron  a r e  in rough a g r e e m e n t  wi th  t h e  e x p e c t e d  bulk values. 

T h e  gene ra l  i nc rease  in doping nea r  t h e  i n t e r f a c e  could b e  ev idence  of solid-phase As 

d i f fus ion  in to  t h e  Ge. T h e  ab i l i ty  t o  examine  cross-doping on both s ides  of t h e  

he te ro junc t ion  i s  ano the r  unique capabi l i ty  of t h e  Polaron prof i ler ,  hard  t o  dup l i ca t e  in 

o t h e r  techniques.  
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A t  typica l  G a A s  g rowth  t e m p e r a t u r e s  of 650-700°C t h e  G e  autodoping is  less  t han  
o r  comparab le  to so lar  c e l l  doping levels.  G a A s  so lar  ce l l s  could t h e n  b e  grown a t  t h e  

lower t e m p e r a t u r e s  wi thout  special  provisions for  control l ing autodoping. This  has  in fact 
been  done. However ,  a t  8OO0C, typ ica l  of AlGaAs growth ,  normal  c e l l  doping would b e  

impossible. 

A f a c t o r  of 10 reduct ion  in autodoping was  rea l ized  by coa t ing  t h e  backs  of t h e  G e  

w a f e r s  wi th  G a A s  prior to growth.  A compar ison  of autodoping wi th  and  wi thout  backside 

capping is  shown as a func t ion  of g rowth  t e m p e r a t u r e  in F igu re  15. Typically a 5 micron 

capping  l aye r  of G a A s  was  grown at  650°C. In th i s  case t h e  autodoping w a s  reduced  t o  

insignif icant  leve ls  f o r  G a A s  so lar  cel ls ,  bu t  at  800°C i t  was  s t i l l  a problem. Fur the r  

improvemen t s  in  t h e  capping  procedure  lowered  t h e  G e  autodoping to t h e  mid-I0 

range,  even  at  800°C. Changes  included wafe r s  polished on both sides,  10 micron  GaAs 

layers ,  and  a t w o - t e m p e r a t u r e  g rowth  on t h e  wafe r  f ron t  in which t h e  f i r s t  0.5 micron  was 

grown a t  650°C. With th i s  process  w e  were  ab le  to grow AlGaAs solar  ce l l s  on G e  

s u b s t r a t e s  wi thout  s ignif icant  in f luence  of autodoping on  t h e  doping profile.  

I 6cm-3 

G e  dep th  prof i les  in GaAs  and  AlGaAs ce l l s  grown on G e  s u b s t r a t e s  have  been 

measu red  by SIhlS. F igu re  16 c o m p a r e s  t h e  G e  prof i les  in AlGaAs c e l l s  grown on G e  and  

GaAs  subs t r a t e s  in  t h e  s a m e  g rowth  run. (The  subs t r a t e s  w e r e  on d i f f e ren t  faces of a 

bar re l - type  susceptor).  This  f igu re  g ives  good insight i n to  t h e  au todoping  process.  O n  G e  

subs t ra tes ,  t h e  G a A s  and  AlGaAs l aye r s  within 1 micron  of t h e  i n t e r f a c e  a r e  heavily 

doped wi th  Ge. On t h e  GaAs  s u b s t r a t e  t h e r e  is a l so  a s t ruc tu red  G e  profile.  This  c a n  only 

occur  if G e  i s  being t r anspor t ed  in  t h e  g a s  s t r eam.  T h e  G e  level  is  high at  t h e  original 

s u b s t r a t e  su r face ,  p resumably  f rom G e  depos i ted  during t h e  heat-up s tage .  During t h e  

g rowth  of t h e  GaAs buffer  at t h e  re la t ive ly  low t e m p e r a t u r e  of 650°C w e  see l i t t l e  

autodoping. More G e  i s  depos i ted  as t h e  g rowth  i s  s topped  to ra i se  t h e  t e m p e r a t u r e  fo r  

AlGaAs growth.  In fact, wherever  t h e  g rowth  was  s topped,  on e i t h e r  subs t r a t e ,  t h e r e  is  a 

pileup of Ge. (The  t endency  of G e  and  Si to f o r m  doping spikes  when MOCVD growth  i s  

i n t e r rup ted  bu t  t h e  dopan t  f lux cont inues  has  been  no ted  in t h e  l i t e r a t ~ r e ' ~ ) ) .  A t  800°C 

t h e r e  is ini t ia l ly  a s igni f icant  amoun t  of G e  doping, bu t  as growth  cont inues  t h e  sou rces  of 

G e  a r e  cove red  up and  t h e  G e  prof i le  drops  to t h e  background leve l  for  bo th  subs t ra tes .  

Smal l  spikes  in t h e  G e  prof i le  aga in  a p p e a r  when t h e  g rowth  is ha l t ed  to c h a n g e  dopants  o r  

AlGaAs composi t ion,  suggest ing t h a t  t h e  capping  is  no t  pe r f ec t .  Fiowever, 
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t h e  overa l l  effect of G e  on  t h e  solar  ce l l  doping prof i le  is small ,  e x c e p t  at  t h e  r e a r  

s u r f a c e  of t h e  cell .  In th i s  region t h e  n+ doping i s  no t  harmful  and  in fact may  b e  helpful,  

providing a minor i ty  c a r r i e r  barr ier .  

2.5.3 Unin ten t iona l  Tandem Ce l l  Fo rma t ion  

Another  a r e a  of conce rn  was  doping of t h e  G e  s u b s t r a t e  by  G a  a n d  A s  f r o m  t h e  

ep i tax ia l  l aye r s  (in o u r  ce l l  s t r u c t u r e s  t h e  f i r s t  l aye r  grown w a s  GaAs,  e v e n  fo r  AlGaAs 

cells). I t  was  an t i c ipa t ed  t h a t  t h e  s u r f a c e  of t h e  G e  would b e  doped n-type by indiffusion 

of As, a much  f a s t e r  diffuser  t h a n  Ga. However ,  s ince  t h e  G e  wafe r  was  a l r eady  heavily 

n-type, t h i s  was  not  e x p e c t e d  to b e  a problem. In r ea l i t y  t h e r e  w e r e  unexpec ted  

consequences  of s u b s t r a t e  doping by t h e  ep i t ax ia l  layers.  

F rom t h e  beginning solar  ce l l s  g rown on  G e  exhib i ted  anomalously high open  c i r cu i t  

vo l tages  and  low fil l  f a c t o r s  ( see  Sec t ion  4.2). This  behavior  sugges ted  t andem ce l l  

opera t ion ,  wi th  t w o  a c t i v e  junct ions in  series.  E lec t r ica l  and  op t i ca l  measu remen t s  of 

solar  ce l l s  did in fact point  to a n  a c t i v e  junct ion in  t h e  G e  s u b s t r a t e  (Sect ion 4.2). One  

ea r ly  hypothesis  was  a n  n-n GaAs-Ge heterojunct ion.  However,  consider ing t h e  band 

d iscont inui t ies  in  th i s  sys t em,  t h e  he te ro junc t ion  should b e  fo rward  biased wi th  a posi t ive 

bias appl ied t o  Ge.(8) T h e  he tero junc t ion  photovol tage  should t h e n  s u b t r a c t  f r o m  t h a t  of 

t h e  p-n GaAs  homojunction. Exper imenta l ly  t h e  vo l t ages  w e r e  found to add ,  however.  

This  could b e  expla ined  by  fo rma t ion  of a p-n junct ion in t h e  Ge. 

W e  f i r s t  looked f o r  ev idence  of G a  and  As  diffusion in to  G e  by SIMS. The  high 

background of G a  and  As  resu l t ing  f r o m  spu t t e r ing  of t h e  overlying G a A s  l aye r s  m a d e  th i s  

approach  imprac t ica l .  B e t t e r  r e su l t s  w e r e  obta ined  by t h e  spreading r e s i s t ance  

technique.  Although developed  f o r  and  usually appl ied to silicon, spreading r e s i s t ance  c a n  

a l so  b e  appl ied to Ge. T h e  technique  involves  beveling t h e  s a m p l e  at a known angle ,  t hen  

measur ing  t h e  r e s i s t ance  b e t w e e n  a set of probes  as t h e  probes  a r e  t r ans l a t ed  ac ross  t h e  

sur face .  Spreading r e s i s t ance  r e l i e s  on  known ca l ibra t ion  samples  to conve r t  t h e  

measured  r e s i s t ance  t o  res i s t iv i ty  and  c a r r i e r  concent ra t ion .  Although not  as ex tens ive  as 

t h o s e  used for  si l icon, ca l ibra t ion  samples  d o  ex i s t  fo r  Ge. 



Figures  17 to  19 show c a r r i e r  concen t r a t ion  prof i les  measu red  fo r  a va r i e ty  of Ce 

s u b s t r a t e s  a f t e r  g rowth  of ep i tax ia l  l aye r s  by h'lOCVD. A t  low g rowth  t empera tu res ,  

650-700°C, t h e  n- type doping shows a buried peak  resul t ing f r o m  diffusion of As  in to  Ge. 

A d rop  in  c a r r i e r  concen t r a t ion  at  t h e  s u r f a c e  i s  ev idence  of G a  diffusion, compensa t ing  

t h e  As-doped layer .  T h e r e  may  in fact b e  a n  e x t r e m e l y  shallow p-n junct ion in t h e  Ge,  

beyond t h e  resolut ion l imi t s  of spreading res i s tance .  Resu l t s  of GaAs solar  ce l l s  grown in 
th i s  t e m p e r a t u r e  range  ce r t a in ly  sugges t  a p-n junction. A t  higher g rowth  t e m p e r a t u r e s  

used fo r  AlGaAs cel! g rowth  t h e  p-n junct ion i s  c l ea r ly  revea led  in  t h e  Ge. A t  t h e s e  

t e m p e r a t u r e s  t h e  junct ion d e p t h  is  a b o u t  0.5 micron  and  t h e  As  diffusion ex tends  many 

microns  in to  t h e  Ge. Prof i les  l ike  F igure  19 w e r e  measu red  for  s eve ra l  d i f f e ren t  AlCaAs 

c e l l  runs on Ge. 

T h e  f o r m a t i o n  of a G e  p-n junct ion c a n  b e  viewed as a gene ra l  resu l t  of t h e  

r e l a t ive  diffusion coe f f i c i en t s  and  solid solubi l i t ies  of G a  a n d  As  in Ge. F igu re  20 shows 
these  quan t i t i e s  as a func t ion  of t e m p e r a t u r e ,  using l i t e r a t u r e  values. ( I19l2)  A t  a l l  

t e m p e r a t u r e s  of i n t e r e s t  a r sen ic  is  a f a s t e r  diffuser  bu t  gal l ium has  a higher  solubility. A 

p- type Ga-doped layer  t h e n  r e su l t s  at t h e  sur face ,  wi th  a n  n- type As-doped layer  benea th  

it. Using t h e  values  in F igu re  20 t h e  diffusion prof i les  of As and  G a  w e r e  ca l cu la t ed  for  

t h e  g rowth  condi t ions  corresponding to Figures  17 t o  19. A complemen ta ry  e r ro r  func t ion  

prof i le  was  used wi th  t h e  s u r f a c e  concen t r a t ion  set by t h e  solid solubili ty a t  t h e  g rowth  

t empera tu re .  Compar ing  t h e  ca l cu la t ed  and  measured  prof i les  fo r  t h e  AlGaAs ce l l  g rowth  

in  F igu re  19, w e  see t h a t  while both ind ica te  p-n junct ion format ion ,  t h e  ca l cu la t ed  c u r v e  

shows higher  dopings and  a shal lower junction. This may  b e  a resu l t  of 

concent ra t ion-enhanced  diffusion at t h e  high doping levels  involved. T h e  ca l ibra t ion  of 

t h e  spreading r e s i s t ance  p robe  at  very  high doping leve ls  m a y  a l so  b e  a problem. 

Another  possibil i ty i s  t h a t  a s sumed  diffusion model may  b e  too simplis t ic ;  Le., 
G a A s  may  not act as a l imi t less  sou rce  of G a  and  A s  a t o m s  fo r  diffusion in to  Ge. T h e  

self-diffusion coe f f i c i en t s  a r e  no t  very  accu ra t e ly  known in G a A s  bu t  h igh - t empera tu re  
d a t a  ind ica t e  t h a t  t hey  a r e  very  low. ( I 8 )  A consequent  deple t ion  of G a  or  As  nea r  t h e  

GaAs-Ge i n t e r f a c e  could lower t h e  s u r f a c e  concen t r a t ion  on  t h e  G e  side below t h e  solid 

solubili ty l imit .  In a n y  case, t h e  ex i s t ence  of t h e  p-n junct ion is  a r e a l  conce rn  in t h e  

h4OCVD growth  of GaAs  and  par t icu lar ly  AlGaAs solar  ce l l s  on Ge. 
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F r o m  a p r a g m a t i c  poin t  of view, t h e  G e  p-n junct ion i s  no  longer  a problem o n c e  

t h e  s u b s t r a t e  i s  r emoved  f r o m  t h e  AlGaAs cell. W e  h a v e  a l so  found t h a t  t h e  qua l i ty  of 

t h e  G e  junct ion var ies  considerably f r o m  ce l l  t o  cel l ;  in s o m e  cases i t  is so poor t h a t  i t  has  

l i t t l e  effect on  t h e  c e l l  cha rac t e r i s t i c s .  Thus al though t h e  G e  junct ion is  a nuisance in 

t e r m s  of i n t e r m e d i a t e  cha rac t e r i za t ion  of t h e  solar  cells,  i t  i s  n o t  a r ea l  l imi t a t ion  fo r  

producing th in  AlCaAs  cells.  El iminat ion of t h e  G e  p-n junct ion would requi re  very  low 

g rowth  t empera tu res ,  not compa t ib l e  wi th  high qua l i ty  AlCaAs  g rowth  in  p re sen t  MOCVD 

systems.  Advances  in low t e m p e r a t u r e  AlGaAs growth  may  b e  for thcoming as t h e  sou rces  

of d e e p  recombina t ion  levels ,  such  as oxygen, b e c o m e  b e t t e r  understood. A t  low g rowth  

t e m p e r a t u r e s  t h e  Ga-doped l aye r  may  b e  so thin as to have  no effect; r epor t s  in t h e  

l i t e r a t u r e  sugges t  t h a t  th i s  is  t h e  case. (9) 

2.5.4 D e f e c t  S t r u c t u r e  in Epi tax ia l  Laye r s  on G e  

A th i rd  a r e a  of inves t iga t ion  was  t h e  defect s t r u c t u r e  of GaAs  a n d  AlGaAs l aye r s  

grown o n  G e  subs t ra tes .  Although G e  a n d  C a A s  a r e  c losely m a t c h e d  in  l a t t i c e  c o n s t a n t  

and t h e r m a l  expansion coe f f i c i en t ,  t h e r e  i s  f i n i t e  misma tch  present .  A 3-micron GaAs  

layer  grown o n  a capped  G e  w a f e r  was  examined  by Transmission E lec t ron  Microscopy 

(TEM) to c h a r a c t e r i z e  t h e  d e f e c t  s t ruc tu re .  T h e  g rowth  sequence  s imula t ed  a n  AlCaAs 

ce l l  g rowth ,  wi th  0.5 micron  g rown  at 650°C t h e n  2.5 micron  at 800°C. T h e  only d e f e c t s  

w e r e  i so la ted  threading  dis locat ions at  a dens i ty  of 10 to 10 c m  '. A TEA4 micrograph  

of  a d is loca t ion  i s  shown in F igu re  21. T h e  measured  dens i ty  a g r e e s  wi th  Kasano ' s  x-ray 

For  comparison,  t h e  dens i ty  of dis locat ions i s  topography r e su l t s  fo r  GaAs  on Ge. 

comparab le  to t h a t  found in G a A s  subs t r a t e s  grown by t h e  Liquid Encapsula ted  

Czochra lsk i  technique.  I t  i s  no t  c l e a r  whe the r  o r  no t  th i s  d i s loca t ion  dens i ty  is high 

enough t o  affect t h e  minor i ty  c a r r i e r  diffusion length  in t h e  cell .  W e  have  no ted  t h a t  

shor t  c i r cu i t  c u r r e n t  dens i t ies  a r e  s l ight ly  smal le r  in solar  ce l l s  g rown o n  G e  than  on  G a A s  

s u b s t r a t e s  when grown and  processed  identically.  A higher dis locat ion dens i ty  is  one  

possible explanat ion.  N o  ev idence  was  found by TEM of an t iphase  domains,  a conce rn  

I t  ha s  been  r epor t ed  by when growing polar  s emiconduc to r s  on  a nonpolar  subs t ra te .  

severa l  au tho r s  t h a t  s l ight  misor ien ta t ion  of t h e  s u b s t r a t e  a w a y  f r o m  t h e  ( I  00) or i en ta t ion  
(14, 15) Our  suppresses  t h e  fo rma t ion  of an t iphase  domains  when growing G a A s  on Ge. 

resul ts ,  using subs t r a t e s  o r i en ted  2 d e g r e e s  f rom (loo), a r e  in a g r e e m e n t  wi th  th i s  finding. 

5 6 -  

(10) 

(13) 
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FIGURE 21. TEM MICROGRAPH OF AN ISOLATED THREADING DISLOCATION IN 
G a A s  GROWN ON A G e  SUBSTRATE. 
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SECTION 3 

PROCESS DEVELOPMENT 

3.1 CONCENTRATOR CELL GRID DESIGN 

T h e  gr id  p a t t e r n  f o r  t h e  c o n c e n t r a t o r  ce l l  was  designed ana ly t ica l ly  to provide t h e  

maximum e f f i c i ency  g iven  c e r t a i n  input  conditions.  A f t e r  consul ta t ion  wi th  D a v e  King a t  

Sandia  a c i r cu la r  c e l l  wi th  a d i a m e t e r  of 1.00 c m  and  a concen t r a t ion  r a t i o  of 500 was  

se lec ted .  T h e  l igh t  i n t ens i ty  was  assumed to  b e  uniformly d is t r ibu ted  ac ross  t h e  cel l ,  

a l though this  is  no t  requi red  in o u r  design code.  A rad ia l  p a t t e r n  of gr id  l ines was  chosen,  

wi th  uniform l ine width.  

The  gr id  design equa t ions  a r e  given in Appendix A. Assumed p a r a m e t e r s  input  to 

t h e  model  a r e  l i s ted  in  Table  2. T h e  ce l l  p a r a m e t e r s  a r e  t h o s e  of a 20.3% e f f i c i en t  G a A s  

one-sun ce l l ,  sca led  to 500 suns operat ion.  

TABLE 2. PARAMETERS INPUT T O  THE GRID DESIGN MODEL 

P a r a  m e t e r  Value 

2 C u r r e n t  dens i ty  a t  max imum power poin t  12.08 A / c m  ( a c t i v e  a r e a )  

Vol tage  at max imum power  point  
R esis t ivi  t y of m e  t a l  2.6 x ohm-cm 

Grid l ine a s p e c t  r a t i o  

S h e e t  r e s i s t ance  of e m i t t e r  

Spec i f ic  c o n t a c t  r e s i s t ance  

1.056 V 

3: I width:height 

400 ohms  pe r  squa re  

< I x 1 0-5 ohm-cm 2 

T h e  resul t ing gr id  cons is ted  of e igh t  t i e r s  of rad ia l  l ines  wi th  concen t r i c  r ings 

connec t ing  t h e  o u t e r  four  t iers .  T h e  r ings c o n n e c t  discont inuous l ines  in  success ive  t i e r s  

and  a l so  provide redundancy  in case of l ine breaks.  Ca lcu la t ed  losses a n d  ce l l  p a r a m e t e r s  

a r e  I i s ted  in Tab le  3. A photograph  of t h e  gr id  p a t t e r n  on a th in  A l G a A s  c o n c e n t r a t o r  

c e l l  i s  a l so  shown in F igu re  22. 
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FIGURE22 .  PHOTOGRAPH OF THE 1 CM DIAMETER GRID PATTERN O N  A THIN 
AlGaAs CONCENTRATOR CELL. 
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TABLE 3. RESULTS OF CONCENTRATOR CELL GRID DESIGN 

P a r a m e t e r  

Grid l ine  width 

Grid l ine  height  

T o t a l  shadow loss 

Line res i s tance  loss 

S h e e t  r e s i s t a n c e  loss 

C o n t a c t  res i s tance  loss 

GaAs cell :  Jmax 

'max 
Eff ic iency 

Value 

7.0 micron 

2.3 micron 

9.6% 
4.3% 

2.5% 

0.1 % 
10.9 A/cm 2 

0.983 V 

21.4% 

T h e  design ca lcu la t ions  w e r e  done  using p a r a m e t e r s  for  a n  exis t ing GaAs  cell.  T h e r e  

is cons iderable  room f o r  improvemen t  in t h e  shor t  c i r c u i t  c u r r e n t  of t h e  cel l ,  so t h a t  t h e  

c a l c u l a t e d  e f f ic iency  is a c o n s e r v a t i v e  es t imate .  T h e  model  was  also conserva t ive  in t h e  

ca lcu la t ion  of s e r i e s  res i s tance  losses, assuming t h a t  a l l  losses combine  linearly. 
E f f i c i e n c i e s  in e x c e s s  of t h e  c a l c u l a t e d  21.4% a r e  t h e r e f o r e  expec ted .  

A s e p a r a t e  grid design opt imiza t ion  f o r  AlCaAs c e l l s  w a s  not done. The  ma jo r  

d i f f e r e n c e s  b e t w e e n  GaAs  and  AlGaAs c e l l s  a r e  t h e  increased  e m i t t e r  s h e e t  res i s tance  

and  t h e  lower opera t ing  c u r r e n t s  of AIGaAs, which tend  to cancel .  I t  was  f e l t  t h a t  t h e  

added  cost of a second photomask set w a s  not  wor th  t h e  s m a l l  e f f ic iency  i n c r e m e n t  at 

t h i s  s t a g e  of development .  

3.2 CONCENTRATOR CELL F R O N T  SIDE PROCESSING 

Front  s i d e  so la r  c e l l  processing consis ted of gr id  meta l l iza t ion ,  junct ion def ini t ion,  

c a p  removal ,  and  a n t i r e f l e c t i o n  coat ing.  T h e  individual s t e p s  a r e  l is ted in Table  4. T h e  

process  was i d e n t i c a l  f o r  GaAs a n d  AlGaAs cells,  w h e t h e r  o r  not  t h e y  w e r e  to  b e  thinned. 

O n e  of t h e  major  l imi ta t ions  on c o n c e n t r a t o r  c e l l  e f f ic iency  during this  program 

h a s  been  excess ive  grid shadow caused  by overly wide grid lines. F igure  2 3  shows t h e  

shadow loss as a funct ion of t h e  gr id  l ine wid th  for t h e  c o n c e n t r a t o r  cell grid pa t te rn .  
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TABLE 4. CONCENTRATOR CELL FRONT SIDE PROCESSING 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 
IO.  

11. 

12. 

13. 

Deposit  Silox layer ,  0.3 micron 

Photol i thography to  d e f i n e  gr id  p a t t e r n  

E t c h  Silox in  buf fered  H F  

E v a p o r a t e  AuZn o h m i c  c o n t a c t  layer,  0.2 mic ron  

Lif toff  photoresis t  to  def ine  grid 
S i n t e r  c o n t a c t s ,  25OOC f o r  5 min in N 2  

E l e c t r o p l a t e  Au, 3 micron 
E t c h  Silox in buf fered  H F  

Photol i thography to d e f i n e  c e l l  a r e a  

Mesa e t c h  in 2 H20: I H202:  I HCI 

R e m o v e  photoresis t  

S e l e c t i v e  e t c h  to r e m o v e  GaAs  cap,  190 H202 :  10 NH40H: 6 I %  EDTA 

E v a p o r a t e  t a n t a l u m  pentoxide  an t i re f lec t ion  c o a t i n g  

T h e  design values  w e r e  7 microns and 9.6% shadow; values  u p  to  20 microns and  26% 

shadow h a v e  been  observed. The p r imary  problems w e r e  poor cont ro l  of t h e  photoresis t  

l i f t o f f  process,  over-etching of t h e  Silox layer  ' a l lowing  t h e  p l a t e d  m e t a l  to  b e  

considerably wider  t h a n  t h e  e v a p o r a t e d  line, and  mushrooming during plat ing of t h e  gr id  

lines. T h e  process  was considerably improved by t h e  end  of t h e  p rogram,  with typical  l ine 

widths  of 12 microns. Work s t i l l  remains  to b e  done  in  th i s  a r e a ,  however. 

3.3 G e  SUBSTRATE REMOVAL 

T h e  f i r s t  s t e p  in s u b s t r a t e  r emova l  was  to bond t h e  c e l l  to  a Corning 0211 glass  

c o v e r  slide. Cel ls  had been  previously sawed  f r o m  t h e  G e  w a f e r  wi th  a high speed  

diamond saw, leaving squares  s e v e r a l  m m  l a r g e r  t h a n  t h e  ce l l  m e s a  area.  Dow Corning 

Sylgard I82 si l icone adhes ive  was used, appl ied accord ing  to t h e  m a n u f a c t u r e r ' s  
specifications.  T h e  p rocedure  was to apply a drop  of adhes ive  to t h e  c e n t e r  of t h e  cel l ,  

t h e n  p l a c e  t h e  c o v e r  g lass  upon it .  Excess adhesive and  a n y  a i r  bubbles w e r e  worked o u t  

to  t h e  e d g e  of t h e  glass. T h e  adhes ive  was c u r e d  in a i r  at IOO°C f o r  o n e  hour. 
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FIGURE23 .  GRID SHADOW LOSS AS A FUNCTION OF LINE WIDTH FOR THE 1 CM 
DIAMETER CONCENTRATOR CELL. 
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The  G e  g r o w t h  s u b s t r a t e s  w e r e  comple t e ly  removed by a two-stage e tch ing  

process. Pr ior  to etching,  t h e  edges  of t h e  ce l l  w e r e  p r o t e c t e d  by black wax. This was 

found necessary to  p r e v e n t  a t t a c k  of t h e  f r o n t  s ide  of t h e  c e l l  by HCI  in t h e  f i r s t  

e t c h a n t .  The  f i r s t  e tch ing  s t e p  employed a nonselect ive e t c h a n t ,  10 H 2 0 2  : I H C I ,  to 

r e m o v e  mos t  of t h e  ge rman ium subs t ra te .  The e tch ing  r e a c t i o n  i s  exothermic ,  and c a n  

r e a c h  t h e  boiling point  if higher concent ra t ions  of HCI  a r e  used. F o r  a 10% solut ion a 
s t e a d y  state t e m p e r a t u r e  of about  60°C was reached. In t h i s  solution t h e  e t c h  r a t e  of G e  

i s  a b o u t  0.6 micron/min. A f t e r  t h e  c e l l  was thinned to  about  50 microns,  a s lower 

s e l e c t i v e  e t c h a n t  removed t h e  r ema inde r  of t h e  Ge. The  se lec t ive  e t c h a n t  consis ted of 

H 2 0 2  at  a t e m p e r a t u r e  of 55°C. To prevent  t rapping  of bubbles during t h e  e tch ing  

process  t h e  c o v e r  glass was p laced  in a n  inclined posit ion in a beaker  of e tchant .  T h e  

solution w a s  a l so  vigorously s t i r r e d  during t h e  process. The  c o v e r  glass  was  r o t a t e d  

s e v e r a l  t i m e s  during e tch ing  to a c h i e v e  a m o r e  uniform etch.  Because  hot  hydrogen 

peroxide decomposes  fai r ly  rapidly, t h e  e t c h  r a t e  of G e  is diff icul t  to quantify.  Usually 

t h e  s a m p l e  was  placed in a beaker  of f r e s h  e t c h a n t  and al lowed to e t c h  overnight.  This 

normally resul ted in c o m p l e t e  r emova l  of t h e  subs t ra te .  Because  t h e  e t c h a n t  does  not 

a t t a c k  GaAs, over  e tch ing  was not  a concern.  

3.4 BACK SIDE PROCESSING OF THIN CELLS 

Back s ide  processing involved put t ing  a meta l l iza t ion  grid on t h e  back of t h e  cel l ,  

making e l e c t r i c a l  c o n t a c t  to t h e  gr ids  on both s ides  of t h e  cel l ,  and  an t i re f lec t ion  c o a t i n g  

of t h e  back side. F i r s t  t h e  black wax and  e x c e s s  adhesive,  originally around t h e  e d g e  of 
t h e  G e  s u b s t r a t e  bu t  now s e p a r a t e d  by a smal l  g a p  f r o m  t h e  a c t i v e  solar  cel l ,  w a s  

removed. Photol i thography was t h e n  used to def ine  a gr id  p a t t e r n  in photoresis t  on t h e  

back  of t h e  cell .  A non-contact  l i thography s y s t e m  was  used to avoid damaging t h e  thin 

cell.  Using t h e  photoresis t  as a mask, AuSn c o n t a c t s  w e r e  e lec t ropla ted .  The  s a m e  gr id  

p a t t e r n  was used on both  s ides  of t h e  cel l ,  but no a t t e m p t  w a s  m a d e  to  align t h e  gr ids  

front-to-back. A f t e r  removing t h e  photoresis t  t h e  ce l l  was s in te red  at 275°C for  10 min  
i n  N to produce ohmic  back contac ts .  Access  to t h e  gr id  p a t t e r n  on t h e  f ront  of t h e  c e l l  

w a s  ga ined  by e tch ing  a w a y  o n e  o r  m o r e  c o r n e r s  of t h e  cell. Black wax was  used as a 

mask  for  t h e  2 H 2 0  : I H 2 0 2  : 1 H C I  e tchant .  A f t e r  removing t h e  c e l l  layers  t h e  f r o n t  

meta l l iza t ion  was  exposed, supported by t h e  adhesive. To m a k e  e l e c t r i c a l  c o n t a c t  t o  t h e  

c e l l  f o r  t e s t i n g  purposes,  si lver ribbons w e r e  a t t a c h e d  wi th  conduct ive  s i lver  epoxy 

(Epotek H20E).  T h e  epoxy was  c u r e d  at 90°C f o r  90 min. T h e  c e l l s  w e r e  too f rag i le  to 

p e r m i t  mechan ica l  probing. 

2 
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F o r  t h e  thin G a A s  c e l l  descr ibed in Section 4.5 t h e  process  ended here. AlGaAs 

cells, however,  required r emova l  of t h e  back  CaAs  c o n t a c t  layer  be tween  t h e  grid lines. 

T h e  s a m e  c a p  r emova l  process  used for t h e  f r o n t  of t h e  c e l l  w a s  used for  t h e  back. A f t e r  

t h e  c o n t a c t  l a y e r  w a s  removed t h e  back of t h e  cell was an t i re f lec t ion  c o a t e d  with 620 

of e-beam evapora t ed  t a n t a l u m  pentoxide.  T h e  a n t i r e f l e c t i o n  coa t ing  was not  op t imized  

to provide lower re f lec t ion  in t h e  wavelength region b e t w e e n  t h e  bandgaps for  si l icon and  

AIGaAs. F o r  t h e  thin AlGaAs c e l l  repor ted  in  Sec t ion  4.6, with  c o n c e n t r a t o r  grid 

p a t t e r n s  and  a n t i r e f l e c t i o n  coa t ings  o n  both sides, t h e  f ina l  s t e p  was  to  a t t a c h  s i lver  

ribbons as descr ibed above. To lower t h e  ser ies  res i s tance  four  ribbons w e r e  a t t a c h e d  to  

t h e  f ront  grid in t h e  c o r n e r s  a n d  four  to t h e  back grid at t h e  midpoint of e a c h  side. Cel ls  

w e r e  mounted wi th  t h e  glassed s ide  fac ing  u p  using t h e  c o v e r  glass f o r  mechan ica l  

support .  Photographs of t h e  f r o n t  and back of a c o m p l e t e  th in  A l G a A s  ce l l  a r e  shown in  
S e c t i o n  4.6. 





SECTION 4 

TEST RESULTS 

4.1 GaAs CELLS ON GaAs SUBSTRATES 

GaAs ce l l s  on  GaAs s u b s t r a t e s  provided a basel ine of compar ison  f o r  AlGaAs ce l l s  

and  f o r  G e  subs t ra tes .  Re la t ive ly  f e w  G a A s  ce l l s  w e r e  processed,  mos t ly  at t h e  beginning 

of t h e  program. The  I-V c h a r a c t e r i s t i c s  of a one-sun GaAs ce l l  processed be fo re  t h e  

beginning of t h i s  program a r e  shown in F igure  24. An e f f i c i ency  o v e r  20% a n d  a n  open  

c i r cu i t  vo l tage  ove r  1 volt  a r e  ind ica t ive  of t h e  high qua l i ty  C a A s  m a t e r i a l  g rown in ou r  

MOCVD reac tor .  

GaAs ce l l s  w e r e  used to  c h e c k  o u t  t h e  c o n c e n t r a t o r  gr id  p a t t e r n  descr ibed  in 

Sec t ion  3.1. Measuremen t s  m a d e  a t  Sandia  on o n e  of t h e s e  cel ls ,  number  454D-SI, g a v e  

t h e  following resu l t s  at  one  sun: 

"0, 

Jsc 

FF 

.976 V 

22.9 m A / c m 2  

.828 

Eff ic iency 18.5% 

T h e  ma jo r  e f f ic iency  l imi ta t ion  of th i s  ce l l  was  t h e  sho r t  c i r cu i t  c u r r e n t  densi ty ,  which 

should b e  abou t  25  mA/cm f o r  a GaAs cell .  T h e  in t e rna l  quan tum ef f ic iency  measu red  

by Sandia  i s  shown in F igure  25. H e r e  t h e  in t e rna l  quan tum e f f i c i ency  i s  def ined  as t h e  

e x t e r n a l  quan tum e f f i c i ency  divided by o n e  minus t h e  t o t a l  r e f l e c t a n c e  measured  wi th  a n  

in t eg ra t ing  sphere.  T h e  c e l l  has  a high quan tum e f f i c i ency  o v e r  a wide wavelength  range,  

indicat ing high m a t e r i a l  quali ty.  Excessive shadow loss caused  by wide gr id  l ines  i s  t h e  

ma jo r  reason  f o r  t h e  dec reased  shor t  c i r cu i t  cur ren t .  

2 

When t h e  s a m e  ce l l  was  measu red  under  c o n c e n t r a t e d  sunl ight  a peak  ef f ic iency  of 

19.0% was  r eached  at  3.7 suns. A high se r i e s  r e s i s t ance  was  responsible  fo r  a rolloff in 

fi l l  f a c t o r  at low concent ra t ions .  T h e  se r i e s  r e s i s t ance  w a s  in t u r n  caused  by high 
c o n t a c t  res i s tance ,  as measu red  by a t ransmission l ine test p a t t e r n  on  t h e  s a m e  wafer .  
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T h e  t w o  problems prevent ing  t h e  c e l l  f rom achieving i t s  design e f f i c i ency  a r e  both 

a t t r i b u t a b l e  to i m m a t u r e  processing technology in t h e  ea r ly  s t a g e s  of t h e  program when 

th i s  ce l l  was  produced. As discussed in Sec t ion  3.2,  t h e  gr id  technology was  improved 

l a t e r  in  t h e  program,  reducing t h e  shadow loss. T h e  c o n t a c t  r e s i s t ance  problem was  

subsequent ly  solved by increas ing  t h e  doping in  t h e  GaAs c o n t a c t  layer.  Although t h e  
r ema inde r  of t h e  program w a s  devo ted  to  AlGaAs c e l l  deve lopment ,  i t  i s  c l e a r  t h a t  

basel ine C a A s  c o n c e n t r a t o r  ce l l s  could have  been  produced with e f f ic ienc ies  c lose  t o  t h e  

design value. 

4.2 GaAs CELLS C N  Ce SUBSTRATES 

I t  w a s  quickly discovered t h a t  c e l l s  g rown o n  germanium s u b s t r a t e s  w e r e  d i f f e ren t  

f rom those  on gal l ium a r sen ide  subs t ra tes .  A compar ison  of one-sun I-V cu rves  f o r  GaAs  

so lar  ce l l s  g rown on G e  and  GaAs subs t r a t e s  in t h e  s a m e  g rowth  run i s  shown in 

F igure  26. The  ce l l s  on  G e  have  s imi la r  sho r t  c i r cu i t  c u r r e n t s  to those  on  GaAs, bu t  

anomalously high open  c i r cu i t  vo l tages  and  low fil l  fac tors .  This behavior  i s  

r ep resen ta t ive  of a l a r g e  number  of so la r  cells.  Insight i n to  t h e  d i f f e rence  c a n  b e  

obta ined  f rom t h e  log I vs. V cha rac t e r i s t i c s  in F igu re  27. C n  GaAs subs t r a t e s  t h e  

junc t ion  cha rac t e r i s t i c s  a r e  wel l  behaved,  wi th  a n  idea l i ty  f a c t o r  sh i f t ing  f rom 2 at  low 

vo l t ages  toward  I at high vol tages .  @n G e  subs t r a t e s  t h e  ideal i ty  f a c t o r  is  abou t  4.5 o v e r  

mos t  of t h e  curve.  In addi t ion  t h e  i l lumina ted  and  d a r k  I-V cha rac t e r i s t i c s  d o  not  agree .  

These  resu l t s  can be  understood by postulat ing a n  a c t i v e  junct ion in t h e  G e  

subs t r a t e ,  forming  a n  unin ten t iona l  t a n d e m  ce l l  s t ruc tu re .  In a ser ies-connected t andem 

t h e  idea l i ty  f a c t o r  i s  approx ima te ly  t h e  sum of t h e  idea l i ty  f a c t o r s  of t h e  t w o  subcells,  

explaining t h e  poor fi l l  fac tors .  T h e  photovol tages  of t h e  t w o  ce l l s  add,  explaining t h e  

high Voc. The  r a t h e r  smal l  Voc i n c r e m e n t  ove r  a GaAs ce l l  (about  100 mV> and  t h e  high 

idea l i ty  f a c t o r s  implied f o r  t h e  G e  junc t ion  point  t o  a Ce junct ion of poor quali ty.  

T h e  I-V c h a r a c t e r i s t i c s  of t h e  G e  junct ion w e r e  measu red  d i r ec t ly  using t h e  test 

d e v i c e  shown in F igure  28. In th i s  3 t e rmina l  ce l l  s t r u c t u r e  t h e  GaAs and  Ge junct ions 

could  be  examined  independent ly .  A photovol tage  a n d  pho tocur ren t  w e r e  measu red  f o r  

t h e  G e  subs t r a t e ,  a l though t h e  junc t ion  qual i ty  was  poor. I t  was  a l so  conf i rmed t h a t  t h e  

a p p a r e n t  enhancemen t  of t h e  GaAs c e l l  Voc was caused  by t h e  G e  junction. 
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F u r t h e r  ev idence  of a n  a c t i v e  G e  junct ion was  obta ined  fo r  ce l l s  in which t h e  GaAs 
junct ion w a s  short-circui ted.  T h e  s p e c t r a l  response of t h e s e  ce l l s  t u rned  on at 870 nm, 

t h e  normal  cu tof f  for  GaAs, and  cont inued  t o  well  beyond 1000 nm, as would b e  expec ted  

fo r  Ge. Fo r  such ce l l s  t h e  a p p a r e n t  quan tum ef f ic iency  was  o f t e n  well  ove r  1.0. T h e  

reason  i s  a l a rge  co l lec t ion  area for  t h e  G e  junct ion,  much l a rge r  t han  t h e  GaAs  ce l l  

area. T h e  mesa e t c h  used to de f ine  t h e  G a A s  ce l l s  did no t  e t c h  through t h e  G e  junction; 

t h u s  t h e  whole wafe r  a c t e d  as one  l a rge  G e  solar  cell .  W e  found exper imenta l ly  t h a t  for  

ce l l s  in which t h e  GaAs  junct ion was  sho r t  c i r cu i t ed  pho tocur ren t  could b e  co l l ec t ed  by 

shining l ight  f a r  a w a y  f rom t h e  cell .  This explains  why t h e  sho r t  c i r cu i t  c u r r e n t  of t h e  

t a n d e m  ce l l  was  not  l imi ted  by t h e  Ce  subcell .  Even wi thout  th i s  a r ea - r e l a t ed  effect, 

however ,  t h e  l a rge  leakage  c u r r e n t  of t h e  G e  junct ion would p reven t  t h e  G e  subcel l  f rom 

l imi t ing  t h e  sho r t  c i r cu i t  c u r r e n t  of t h e  tandem.  

I t  should be no ted  t h a t  w e  have  seen  no  ev idence  of a blocking junct ion a t  t h e  n+ 

GaAs-p+ Ce heterojunct ion.  This could b e  due  to t h e  high cross-doping a t  t h e  in t e r f ace ,  

o r  to c r y s t a l  defec ts .  

With unintent ional  t a n d e m  ce l l  effects control l ing t h e  V and  fi l l  f a c t o r  of t h e  

ce l l s  on  G e  subs t ra tes ,  i t  was  d i f f i cu l t  to c o m p a r e  t h e  qua l i ty  of t h e  ce l l s  to ones  grown 

on  G a A s  subs t ra tes .  T h e  shor t  c i r cu i t  cu r ren t s ,  however ,  could b e  compared  by assuming 

t h a t  t h e  G a A s  subcel l  l imi ted  Jsc. Tab le  5 c o m p a r e s  t h e  shor t  c i r cu i t  c u r r e n t  dens i t ies  

fo r  ce l l s  g rown on  G a A s  and  G e  subs t r a t e s  in t h e  s a m e  g rowth  run. I t  can b e  seen  t h a t  Jsc 

i s  cons is ten t ly  somewha t  smal le r  on G e  subs t ra tes ,  bu t  within 5% fo r  t h e  bes t  cells .  The  

d i f f e r e n c e  might  be due to threading  misf i t  d is locat ions in  t h e  GaAs  grown on G e  
5 6 2 subs t r a t e s ,  at  dens i t ies  of 10 t o  10 p e r  c m  . Another  possibil i ty i s  l a rge r  s i z e  c r y s t a l  

imper fec t ions  caused  by incomple t e  c leaning  of t h e  G e  subs t ra tes .  Ce l l s  grown on G e  

subs t r a t e s  w e r e  usually m o r e  d e f e c t i v e  t h a n  those  on  G a A s  subs t r a t e s  when viewed with 

a n  op t i ca l  microscope.  

oc 

T h e  h ighes t  e f f ic iency  achieved  for  a G a A s  ce l l  on  a G e  s u b s t r a t e  was 16.4% at o n e  

sun, as shown in F igu re  26. 

TABLE 5.  COMPARISION O F  SIIORT CIRCUIT CURRENT DENSITIES FOR G a A s  
CELLS GROWN ON G a A s  AND G e  SUBSTRATES I N  THE SAME RUN. 

MOCVD Best  JSc Mean Jsc # of ce l l s  
Run o n c e  o n G a A s  o n c e  o n G a A s  o n c e  o n G a A s  

226 22.5 23.6 22.5 23.1 1 6 
409 23.2 24. I 2 1.9 23.2 6 4 
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4.3 AlGaAs CELLS ON GaAs  SUBSTRATES 

O n e  of t h e  bes t  AlGaAs c o n c e n t r a t o r  ce l l s  produced during t h e  program was 

number  628B-S2A. T h e  d a t a  obta ined  by Sandia f r o m  1 to 1000 suns and by Spire  at  I and 
15 suns a r e  shown in F igures  29 - 31. T h e  f igures  plot eff ic iency,  Voc, and fi l l  f a c t o r ,  

respect ively,  as func t ions  of concent ra t ion .  Table  6 s u m m a r i z e s  Sandia  and Spi re  

m e a s u r e m e n t s  at o n e  sun. Note t h a t  Sandia d a t a  in t h e  f igures  h a s  not been  c o r r e c t e d  for  

s p e c t r a l  m i s m a t c h  error .  This  would ra i se  t h e  shor t  c i r c u i t  c u r r e n t ,  and  t o  f i r s t  o rder  a lso 

t h e  e f f ic ienc ies ,  by 1.4%. 

TABLE 6. COMPARISCN O F  SPIRE AND SANDIA MEASUREMENTS AT 
ONE SUN F O R  AlGaAs CONCENTRATOR CELL 628B-S2A. 

Measured Mismatch Temp. voc Jsc F F  Eff 
by: c o r r e c t e d ?  (C) (V) (mA/cm2)  (%) ( % >  

Spire  No 28 1.145 12.93 84.2 12.47 

Sandia  N o  27.9 1.135 12.08 83.2 11.4 

Sandia Yes  12.25 
~~ ~ 

T h e  ef f ic iency  of t h e  ce l l  peaked  a t  13.5% at  242 suns concent ra t ion .  (The 

c o r r e c t e d  value i s  13.7%). Ano the r  ce l l  o n  t h e  s a m e  wafe r  had s imilar  charac te r i s t ics ,  

with a peak  ef f ic iency  of 13.3% a t  317 suns. Both ce l l s  had e f f ic ienc ies  sl ightly under 

12% at 1000 suns. T h e  behavior  a t  high c o n c e n t r a t i o n s  is  much improved over  t h e  GaAs  

ce l l  discussed in Sec t ion  4.1. T h e  reason is much  higher z inc  doping in t h e  G a A s  c a p  

layer ,  leading to lower c o n t a c t  res is tance.  Measured c o n t a c t  res i s tances  on th i s  w a f e r  

w e r e  in t h e  ohm-cm range,  cons is ten t  wi th  t h e  design value. 2 

T h e  open  c i rcu i t  vo l tages  and  fill f a c t o r s  of t h e s e  ce l l s  w e r e  both very  good for  a 

1.69 eV bandgap cell .  T h e  high qual i ty  of t h e  junction and t h e  low s e r i e s  res i s tance  of t h e  

c e l l  c a n  b e  s e e n  in t h e  log I-V c h a r a c t e r i s t i c s  of F igure  32. Over  t h e  r a n g e  shown t h e  

d a r k  I-V and Isc -V c u r v e s  a r e  coincident ,  indicat ing negligible se r ies  res is tance.  T h e  

a c t u a l  se r ies  res i s tance  measu red  by Sandia  at high c o n c e n t r a t i o n s  w a s  24 milliohms. By 

compar ing  t h e  log I-V data and t h e  Voc vs. c o n c e n t r a t i o n  data of F igure  33 i t  c a n  b e  s e e n  

t h a t  t h e  idea l i ty  f a c t o r  of t h e  junct ion is 1.3 over  a r a n g e  of 0.2 t o  100 suns. Above 100 

suns t h e  ideal i ty  f a c t o r  approaches  1.0. 

oc 
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T h e  major  l imi ta t ion  on t h e  e f f ic iency  of c e l l  628B-S2A was  t h e  shor t  c i rcu i t  

c u r r e n t  density.  L imi ta t ions  on JSc resu l ted  both  f r o m  m a t e r i a l  qual i ty  and processing 
l imitat ions.  Overly wide grid l ines  w e r e  responsible for  a subs tan t ia l  shadow loss and  

reduct ion  in s h o r t  c i r c u i t  cur ren t .  Measured grid l ine widths  of 16.5 microns correspond 

to a shadow loss of 22.6%, c o m p a r e d  to design values  of 7 microns and  9.6%. Short  

minori ty  c a r r i e r  diffusion lengths  a lso cont r ibu ted  t o  low Jsc. Figure 34 presents  t h e  ce l l  

i n t e r n a l  s p e c t r a l  response and  t o t a l  r e f l e c t a n c e  measu red  by Sandia. As mentioned 

previously,  t h e  i n t e r n a l  response w a s  c a l c u l a t e d  by dividing t h e  measu red  e x t e r n a l  

response by o n e  minus t h e  measu red  hemispherical  re f lec tance .  For  th i s  procedure  to 

a c c u r a t e l y  a c c o u n t  f o r  shadow loss t h e  r e f l e c t a n c e  of t h e  grid l ines  mus t  b e  1, 

independent  of wavelength.  Apparent ly  this  i s  no t  t h e  case for  this  cel l ,  because  t h e  

minimum r e f l e c t a n c e  of 4 %  is much  smal le r  t h a n  t h e  measu red  shadow loss of 23%. An 

a p p r o x i m a t e  c o r r e c t i o n  c a n  b e  m a d e  by scal ing t h e  "internal" QE by (1-.19)-' to a c c o u n t  

for a n  e x t r a  grid shadow of 19%. The c o r r e c t e d  peak in te rna l  quan tum ef f ic iency  is then  

89%. 

The gradual  rolloff in t h e  blue and  red  ends  of t h e  s p e c t r u m  and t h e  peak response 

less  t h a n  1 a r e  ind ica t ive  of s h o r t  diffusion lengths  in t h e  AlGaAs m a t e r i a l  ( re la t ive  to t h e  

thickness  of t h e  layers).  Modeling of t h e  quan tum ef f ic iency  g a v e  values  of 0.7 and 0.5 

mic ron  for  diffusion lengths  in t h e  e m i t t e r  and  b a s e  layers ,  respect ively.  This c a n  be 

c o m p a r e d  to values  of 0.67 a n d  0.22 micron der ived  f rom t h e  l i t e r a t u r e  for  AlGaAs 

m a t e r i a l  of c o m p a r a b l e  composi t ion and doping [161. Thus al though t h e  diffusion lengths  

in t h e  AlGaAs c e l l  a r e  s m a l l  r e l a t i v e  to GaAs values,  t h e y  in fact c o m p a r e  favorably with 

wha t  h a s  been observed by others .  

T h e r e  was a b o u t  a o n e  p e r c e n t a g e  point  d i screpancy  in t h e  e f f ic ienc ies  measu red  

at  Spire  and  Sandia. This i s  accoun ted  for  mos t ly  by u n c e r t a i n t i e s  in ca l ibra t ion  of t h e  

shor t  c i r c u i t  c u r r e n t ,  which w a s  5-6% higher a t  Spire. Spec t ra l  m i s m a t c h  cor rec t ions  

n e c e s s i t a t e d  by t h e  use  of a sil icon r e f e r e n c e  c e l l  to set t h e  s imula tor  in tens i ty  can  

a c c o u n t  for  mos t  of t h e  discrepancy.  (The m i s m a t c h  f a c t o r  c a l c u l a t e d  for  Spire 's  
m e a s u r e m e n t  would d e c r e a s e  t h e  shor t  c i r c u i t  c u r r e n t  by a b o u t  1.9% for  t h e  ASTM 1985 

Global s p e c t r u m  and  10.8% for  t h e  ASTM 1985 D i r e c t  spectrum).  
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S o m e w h a t  higher c o n c e n t r a t o r  ce l l  e f f i c i enc ie s  w e r e  ach ieved  l a t e r  in t h e  

program,  bu t  t h e s e  ce l l s  w e r e  no t  measu red  a t  high concen t r a t ions  by Sandia. T h e  

improvemen t  w a s  most ly  in reduced  gr id  l ine  shadow a n d  higher sho r t  c i r cu i t  cu r ren t .  

Wafe r s  f r o m  t h e  s a m e  g rowth  run  as ce l l  628B-S2A w e r e  used, so t h a t  m a t e r i a l  qua l i ty  

was  t h e  same.  T h e  p e r f o r m a n c e  of t h e  t w o  b a t c h e s  of ce l l s  is c o m p a r e d  in Tab le  7. 

Sub t rac t ing  abou t  o n e  p e r c e n t a g e  point  f r o m  Spi re ' s  m e a s u r e m e n t s  to c o r r e c t  fo r  sho r t  

c i r c u i t  c u r r e n t  ca l ibra t ion ,  c e l l  628A-SIB h a s  a n  e f f i c i ency  of 13.8% at  15 suns. 

Assuming t h e  s a m e  se r i e s  r e s i s t ance  as ce l l  628B-S2A (measured  c o n t a c t  r e s i s t ances  w e r e  

t h e  s a m e )  w e  c a n  p ro jec t  a peak  e f f i c i ency  of abou t  14.6%. 

S ince  t h e s e  ce l l s  w e r e  processed, cons iderable  improvemen t  has  been  ach ieved  both 

in gr id  l ine  technology a n d  in AlGaAs m a t e r i a l  growth. R e c e n t  AlGaAs ce l l s  processed  

under  SERI funding h a v e  d e m o n s t r a t e d  one-sun e f f i c i enc ie s  of 15.9 % (SERI measu remen t )  

fo r  a 1.70 eV bandgap. T h e  improvemen t  was  most ly  in sho r t  c i r cu i t  c u r r e n t ,  as sugges ted  

by  t h e  a b o v e  analysis. Based on  t h e s e  resu l t s  ve ry  high e f f ic ienc ies ,  in t h e  18% range,  c a n  

be p ro jec t ed  for  AlGaAs c o n c e n t r a t o r  cells.  

TABLE 7. COMPARISON OF AlGaAs CONCENTRATOR CELLS 628B-S2A 
AND 628A-S IB (Spire  measu remen t s ,  no t  c o r r e c t e d  f o r  
s p e c t r a l  mismatch).  

C e l l  Suns 
FF J sc 

(mA/cm2)  ( % >  
Ef f 
( % >  

628B-S2A 1 1.145 12.93 84.2 12.47 
628B-S2A 15.34 1.232 198.3 86. I 13.71 

628A-S I0 I 1.153 13.72 78.0 12.24 
628A-S I B 14.88 I .245 204.2 87.1 14.81 

4.4 AlCaAs  CELLS ON G e  SUBSTRATES 

T h e  h ighes t  e f f i c i ency  AlGaAs c o n c e n t r a t o r  ce l l  g rown  on  a G e  s u b s t r a t e  was  
number  822C-S1C, wi th  a n  e f f i c i ency  of 12.1% a t  16 suns. Its I-V c u r v e  i s  shown in 
F i g u r e  35. T h e  e f f i c i ency  i s  lower  t h a n  measu red  fo r  ou r  bes t  AlGaAs ce l l s  on  G a A s  
subs t ra tes .  Voc i s  lower t h a n  e x p e c t e d  f o r  a 1.65 eV cel l ,  par t icu lar ly  on  a G e  subs t ra te .  

T h e  f i l l  f a c t o r  i s  a l so  lower  t h a n  expec ted .  This i s  no t  simply t h e  effect of t h e  G e  

subs t r a t e ,  as a high se r i e s  r e s i s t ance  was  ind ica ted  by t h e  log I vs. V c h a r a c t e r i s t i c s  of t h e  

cell. S o m e  indica t ion  of nonohmic c o n t a c t s  was observed  in t h e  i l lumina ted  I-V 
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c h a r a c t e r i s t i c s  on a c u r v e  t r a c e r ;  a s l ight  in f lec t ion  poin t  ex i s t ed  nea r  t h e  open-circui t  
point.  The  one-sun Jsc was  13.0 mA/cm2,  somewha t  lower  than  observed on our bes t  

AlGaAs ce l l s  grown on GaAs  subs t ra tes .  The  e x t e r n a l  quan tum ef f ic iency  shown in 

F igu re  36 sugges ts  reasons  for  a low Jsc. T h e  blue response of t h e  c e l l  is  low, t h e  resu l t  
of a re la t ive ly  th ick  AlGaAs window layer  in th i s  run (1500 A). T h e  peak  quan tum 

e f f i c i e n c y  i s  a l so  low. P a r t  of th i s  is  ascr ibed  to gr id  shadow, which was  measured  as 
17%. R e f l e c t i o n  loss should b e  only a f e w  pe rcen t  a t  t h e  peak  of t h e  quan tum ef f ic iency  

curve.  T h e  r ema inde r  of t h e  missing quan tum e f f i c i ency  m u s t  b e  d u e  to incomple t e  

co l lec t ion  of c a r r i e r s  g e n e r a t e d  in t h e  cell. 

0 

Run Bes t  Jsc Mean Jsc # of ce l l s  

589 15.7 16.7 14.1 16.5 3 2 

592 16.0 16.5 12.7 16.5 5 2 

710 10.2 14.4 7.0 8.6 12 9 

716 7.9 12.5 4.7 10.1 18 10 

on G e  o n G a A s  o n c e  o n G a A s  o n c e  on G a A s  

> 

This  pa r t i cu la r  MGCVD run was  no ted  as producing ce l l s  wi th  low and  var iab le  

sho r t  c i r cu i t  cur ren ts .  F o r  example ,  F igu re  36 a l so  shows t h e  quan tum e f f i c i ency  of 

ano the r  c e l l  on t h e  s a m e  w a f e r  with a much d i f f e ren t  response  ( th i s  ce l l  i s  discussed in 

Sec t ion  4.6). T h e r e  w a s  a de f in i t e  p a t t e r n  to t h e  Jsc var ia t ion  on  t h e  wafer ,  wi th  lower 

va lues  c loses t  t o  t h e  t o p  of t h e  r e a c t o r  bell  jar .  W e  suspec t  t h a t  a smal l  l eak  in t h e  

r e a c t o r  was  responsible  f o r  t h e  var ia t ion.  Unfor tuna te ly  nea r  t h e  end of t h e  program 

when w e  w e r e  developing t h e  AlGaAs on  G e  ce l l s  t h e  low Jsc problem was  at i t s  wors t  

( s ee  F igu re  IO).  C u r  high e f f i c i ency  AlGaAs ce l l s  on  G a A s  subs t r a t e s  w e r e  a l l  grown 

ea r l i e r  in t h e  program. I t  is t h e r e f o r e  d i f f icu l t  to s e p a r a t e  t h e  effects of t h e  G e  

s u b s t r a t e  f rom t h e  gene ra l  AlGaAs g rowth  problem. To inves t iga t e  th i s  w e  have  

compared  t h e  sho r t  c i r cu i t  c u r r e n t s  of ce l l s  grown in t h e  s a m e  run  on  G e  and  GaAs  

subs t ra tes .  T h e  r e su l t s  a r e  summar ized  in Tab le  8. T h e r e  does  a p p e a r  to b e  a cons is ten t  

p a t t e r n  of lower J when G e  subs t r a t e s  a r e  used. However ,  t h e  number  of ce l l s  is  

l imited.  More work is requi red  in t h e  f u t u r e  to  f i r s t  ver i fy  t h a t  a problem exis t s  wi th  G e  

subs t ra tes ,  and then  to ident i fy  and so lve  it. 

sc 
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4.5 THIN GaAs  CELLS 

Using t h e  procedures  descr ibed  in Sec t ions  3.3 and  3.4 t h e  G e  s u b s t r a t e  was 

removed f r o m  a C a A s  ce l l  wi th  a one-sun gr id  pa t t e rn .  A back  c o n t a c t  gr id  was  appl ied 

to t h e  ce l l  bu t  no  back  an t i r e f l ec t ion  coa t ing  was  used. T h e  I-V c h a r a c t e r i s t i c s  of t h e  ce l l  

be fo re  and  a f t e r  r emova l  of i t s  G e  s u b s t r a t e  a r e  shown in F igu re  37. Init ially t h e  ce l l  

exhib i ted  a very  low fil l  f a c t o r  and  very  high open  c i r cu i t  vol tage.  With t h e  pa ras i t i c  G e  

p-n junct ion removed,  t h e  fi l l  f a c t o r  a n d  open  c i r cu i t  vo l tage  r e tu rned  to m o r e  normal  

values  for a GaAs  cell. T h e  e f f i c i ency  of t h e  ce l l  ac tua l ly  improved a f t e r  s u b s t r a t e  

removal .  A compar ison  of t h e  log I-V cu rves  in F igu re  38 b e f o r e  and  a f t e r  thinning shows 

no inc rease  in l eakage  cu r ren t ,  as might  b e  expec ted  if t h e  c e l l  were  damaged  by t h e  

s u b s t r a t e  r emova l  process.  This ce l l  d e m o n s t r a t e s  t h e  feasibi l i ty  of t h e  thin cell approach.  

To  see how t h e  thin ce l l  would act as a top  ce l l  in a mechanica l  s t ack ,  t h e  

t ransmission spec t rum through t h e  5 micron  c e l l  has  been  measured.  T h e  d a t a  measu red  

wi th  a Perkin-Elmer spec t ropho tomete r  a r e  shown in F igure  39. In t e r f e rence  f r inges  a r e  

par t icu lar ly  no t i ceab le  because  t h e  c e l l  thickness  i s  comparab le  to t h e  wavelength  of 

l ight.  T h e  t ransmission has  a sha rp  turn-on at  870 nm and a below-bandgap t r a n s m i t t a n c e  

of abou t  50%. T h e  50% t r a n s m i t t a n c e  c a n  b e  adequa te ly  modeled as a combina t ion  of 

double  gr id  shadow ( t h e  f r o n t  a n d  back  gr ids  w e r e  no t  aligned) a n d  r e f l ec t ion  off t h e  

f r o n t  and  back  s u r f a c e s  of t h e  cell .  A ca lcu la t ed  t ransmission c u r v e  tak ing  i n t o  a c c o u n t  

a l l  of t h e  op t i ca l  l ayers  is shown in F igu re  40. T o  m a t c h  t h e  ampl i tude  of t h e  osci l la t ions 

i t  w a s  necessary  to  a s s u m e  a bandwidth of 2 2  nm for  t h e  spec t ropho tomete r .  Without 

s o m e  fo rm of averaging,  t h e  ca l cu la t ed  ampl i tude  of t h e  osci l la t ions was  much la rger  t han  

measu red  experimental ly .  Another  way to a c c o u n t  for  t h i s  is to a s sume  some 
nonuni formi ty  in thickness  ac ross  t h e  cell .  A d i sag reemen t  be tween  ca l cu la t ed  and 

measu red  cu rves  i s  ev iden t  near  t h e  absorp t ion  e d g e  of GaAs. This could  b e  because  t h e  

spec t ropho tomer  is  o u t  of ca l ibra t ion  by a f e w  nm, o r  could b e  caused  by d i f f e ren t  

absorp t ion  coe f f i c i en t s  in  t h e  doped so lar  ce l l  l aye r s  t han  w e r e  assumed in t h e  model 

(undoped GaAs  p rope r t i e s  w e r e  used). T h e  band e d g e  absorp t ion  in GaAs is known t o  
(17) depend on doping. 

By aligning t h e  gr ids  a n d  applying an t i r e f l ec t ion  coa t ings  to t h e  back a n d  f ron t  of 
t h e  c e l l  t h e  t ransmission c a n  b e  markedly  increased.  F igure  4 1  shows t h e  t ransmission 

ca l cu la t ed  for  a thin A l G a A s  c e l l  wi th  an t i r e f l ec t ion  coa t ings  on  both sides. T h e  
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ca lcu la t ion  d o e s  n o t  include grid shadow o r  re f lec t ion  f r o m  t h e  f r o n t  of t h e  glass  cover.  

T h e  a v e r a g e  t ransmission i s  a b o u t  9 4 %  in t h e  wavelength range  usable for  a sil icon cell.  

Most of t h e  lost  l ight  is r e f l e c t e d  f rom t h e  f r o n t  s u r f a c e  of t h e  ce l l  by a n  a n t i r e f l e c t i o n  

c o a t i n g  tuned  f o r  t h e  A I GaAs  cell.  Broadband mult i layer  an t i re f lec t ion  coa t ings  could 

probably r e d u c e  t h e  re f lec t ion  loss considerably.  Assuming a n  8% grid shadow loss for  

a l igned gr ids  and  a 2 %  ref lec t ion  loss f rom a MgF2 - c o a t e d  glass  cover ,  a n  a v e r a g e  

t ransmission of 85% is  ca lcu la ted  for  t h e  s t r u c t u r e  in F igure  41. 

Subsequent  to t h e  m e a s u r e m e n t s  descr ibed above,  a progressive de laminat ion  of 

t h e  ce l l  f r o m  i t s  c o v e r  glass  was  observed. This  behavior  had not  been  seen  on previous 

samples  and  i s  no t  understood. Although process  opt imiza t ion  work obviously r ema ins  to 

b e  done  on t h e  thin cel ls ,  feasibi l i ty  has  been  established. 

4.6 T H I N  AlGaAs CELLS 

T w o  AlCaAs  c o n c e n t r a t o r  ce l l s  g rown  o n  Ce subs t ra tes ,  822C-SIA and 822C-S1C, 

w e r e  chosen  for  s u b s t r a t e  removal  and backside processing. T h e  process  w a s  as descr ibed 

in Sec t ions  3.3 a n d  3.4, including c o n c e n t r a t o r  gr id  p a t t e r n s  and a n t i r e f l e c t i o n  coa t ings  on 

both s ides  of t h e  5 micron  cells.  T h e s e  c e l l s  d e m o n s t r a t e d  t h e  feasibi l i ty  of t h e  c o m p l e t e  

thin AlGaAs c e l l  process. 

F i g u r e  42 shows photographs of c o m p l e t e d  c e l l  822C-SIA. T h e  c o v e r  glass  

support ing t h e  ce l l  is a t t a c h e d  to t w o  l u c i t e  support  legs. A p la t form m a d e  f r o m  a p las t ic  

ruler  was  c o n s t r u c t e d  around t h e  c o v e r  g lass  so t h a t  t h e  ribbon leads  could be brought  

around to t h e  t o p  s u r f a c e  of t h e  s t r u c t u r e  for  tes t ing.  F igure  (a) shows t h e  f r o n t  of t h e  

thin cell, viewed through t h e  c o v e r  glass. F igure  (b) shows t h e  back of t h e  cell .  T h e  

k i t e  legs  a r e  o u t  of focus in t h e  photograph. T h e  a t t a c h m e n t  s c h e m e  of t h e  ribbon leads 

i s  visible, t h r e e  to t h e  f r o n t  of t h e  ce l l  in t h e  corners ,  and four  to t h e  back  of t h e  cell.  

T h e  l e a d s  wrap  around t h e  c o v e r  sl ide to t h e  front .  

Test ing revea led  t h a t  ce l l  822C-SIA showed only a smal l  c h a n g e  in e f f ic iency  

through t h e  s u b s t r a t e  r emova l  process.  T a b l e  9 c o m p a r e s  t h e  o n e  sun s imula tor  resu l t s  
with and  wi thout  t h e  G e  subs t ra te .  C n e  sun I-V c u r v e s  a r e  shown in F igure  43, and log I-V 

c u r v e s  a r e  c o m p a r e d  in F igure  44. W e  s a w  n o  i n c r e a s e  in junct ion l e a k a g e  c u r r e n t  a f t e r  
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s u b s t r a t e  removal ,  indicat ing t h a t  t h e  thinning process  is  nondes t ruc t ive  to t h e  cell .  T h e  

drop  in open  c i r c u i t  vo l tage  a f t e r  thinning i s  a t t r i b u t e d  to r emova l  of t h e  e x t r a  p-n 

junct ion in t h e  G e  subs t ra te .  T h e  fact t h a t  t h e  fill f a c t o r  did not  increase  a f t e r  r emova l  

of t h e  s u b s t r a t e  (as  was  seen  ear l ie r  for  a thin GaAs  cel l )  points t o  s e r i e s  r e s i s t a n c e  as t h e  

c a u s e  of a low f i l l  fac tor .  

TABLE 9. ONE SUN TEST RESULTS FOR 1.65 eV AlGaAs 
CONCENTRATOR CELL 822C-S IA. T e s t  condi t ions w e r e  
AM 1.5, 100 mW/crn2, 2 8  C. 

voc J sc FF Eff ic iency 
G e  S u b s t r a t e  (mV> (m A/cm 2> ( % )  (%> 

I n t a c t  1048 

Removed  960 

6.34 70.3 4.7 

6.48 68.3 4.3 

While ce l l  822C-SIA d e m o n s t r a t e d  t h e  feasibi l i ty  of t h e  c o m p l e t e  thin ce l l  process,  
i t s  e f f i c i e n c y  was  much lower t h a n  desired.  Companion ce l l  822C-SIA had a much  higher 

s t a r t i n g  e f f ic iency ,  over  12% at  15 suns (Section 4.4). Unfor tuna te ly  i t  was  damaged  

a f t e r  thinning while t rying to r e m o v e  photores i s t  res idue with a c o t t o n  swab. The  

a c h i e v e m e n t  of high e f f ic iency  in a thin AlGaAs c e l l  mus t  w a i t  for  f u t u r e  work. 



FIGURE 42. PHOTOGRAPHS OF THE COhIPLETED THIN AlGaAs CONCENTRATOR 
CELL. (a) F r o n t  of t h e  cell ,  s e e n  through t h e  c o v e r  glass. (b) Back of t h e  
cel l ,  wi th  si lver ribbons a t t ached .  
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SECTION 5 

CONCLUSIONS 

T h e  ma jo r  conclusions of t h i s  work a r e  as follows: 

I )  Removab le  G e  g rowth  s u b s t r a t e s  a r e  a viable  approach  f o r  producing u l t ra th in  

solar  ce l l s  of GaAs  a n d  AIGaAs. 

2) Doping of t h e  a c t i v e  ce l l  l ayers  by G e  during g rowth  c a n  b e  e f fec t ive ly  

cont ro l led  by capping t h e  backs of t h e  G e  w a f e r s  wi th  ep i tax ia l  GaAs. 

3) Diffusion of G a  a n d  As in to  t h e  s u b s t r a t e  produces a G e  p-n junct ion in s e r i e s  

wi th  t h e  a c t i v e  so la r  cell.  While t h i s  prevents  a c c u r a t e  c h a r a c t e r i z a t i o n  of 

t h e  GaAs  o r  AlGaAs solar  c e l l  junct ion wi th  t h e  s u b s t r a t e  i n t a c t ,  r emova l  of 
t h e  s u b s t r a t e  also removes  t h e  problem. 

4 )  Selec t ive  e tch ing  with hydrogen peroxide i s  a n  e f f e c t i v e  way  of removing t h e  

G e  s u b s t r a t e  wi thout  harming a n  u l t ra th in  5 micron  solar  cell .  

5 )  Thin solar  c e l l s  of AlGaAs and  GaAs  h a v e  been  produced with l i t t l e  o r  no 

degrada t ion  of s t a r t i n g  eff ic iency.  No unexpec ted  losses of below-bandgap 

photons have  been  encountered .  





SECTION 6 

PROBLEM AREAS AND AREAS FOR FUTURE WORK 

T h e  following problem a r e a s  w e r e  encoun te red  during t h e  course  of t h e  program 

and  n o t  en t i re ly  resolved: 

I )  Reproducible  s u r f a c e  prepara t ion  of G e  s u b s t r a t e s  pr ior  to MOCVD growth. 

This is mos t ly  a problem of t h e  wafe r  supplier. In f u t u r e  work i t  is  des i rab le  

to  do a f inal  w a f e r  polish in-house so t h a t  th i s  c r i t i c a l  s t e p  c a n  be b e t t e r  

con  trolled. 

2) Reproducible  a c h i e v e m e n t  of high diffusion lengths  in AlGaAs solar  ce l l  

mater ia l .  This problem was discussed in Sec t ion  2.4. 

3)  W e  h a v e  s o m e  e v i d e n c e  of lower short-circui t  c u r r e n t s  in AlCaAs  solar  ce l l s  

grown o n  G e  than  on G a A s  substrates .  In f u t u r e  work this  should b e  

inves t iga ted  in m o r e  d e t a i l  to see if t h e r e  is a fundamen ta l  problem. 

4) Excessive shadow loss in c o n c e n t r a t o r  cells.  This  w a s  a resu l t  of i m m a t u r e  

gr id  processing technology. G r e a t  improvemen t  was  m a d e  during t h e  p rogram 

and  wi th  addi t ional  work t h e  required na r row l ines  c a n  b e  produced. Two  

a r e a s  requiring f u r t h e r  deve lopmen t  a r e  undercut t ing  of t h e  si l icon dioxide 

plat ing mask and  cont ro l  of mushrooming during plating. 

5 )  Short-circui t ing and  excess ive  l e a k a g e  f o r  c o n c e n t r a t o r  cells. W e  observed a 

high o c c u r r e n c e  of shor t -c i rcu i ted  c o n c e n t r a t o r  cel ls ,  whereas  one-sun t y p e  
ce l l s  o n  t h e  s a m e  w a f e r  did not  have  t h i s  problem. T h e  ma jo r  d i f f e r e n c e  in 

t h e  t w o  ce l l s  i s  t h e  l a r g e  a r e a  of t h e  c o n c e n t r a t o r  c e l l  c o v e r e d  by 

meta l l iza t ion  under t h e  bus bar. Since t h e  problem was  observed f o r  ce l l s  

e v e n  before  a n y  h e a t  t r e a t m e n t s  w e r e  applied to t h e  meta l l iza t ion ,  w e  
hypothesize t h a t  defects in t h e  as-grown m a t e r i a l  w e r e  responsible. Two  ways 

to o v e r c o m e  t h e  problem a r e  to lower t h e  number  of d e f e c t s  in t h e  as-grown 

m a t e r i a l  a n d  to c h a n g e  t h e  design to b e  t o l e r a n t  of defects. T h e  l a t t e r  

approach  would involve, for  example ,  placing a n  insulating layer  b e t w e e n  t h e  

cell and  t h e  bus bar. 
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6 )  Bonding of t h e  c e l l  to  a g lass  supers t ra te .  T h e  s i l icone adhes ive  used in this  
work h a s  a number  of d rawbacks ,  including a very  l a r g e  t h e r m a l  expansion 

m i s m a t c h  to AlGaAs a n d  a maximum processing t e m p e r a t u r e  lower  t h a n  
des i red  f o r  producing o h m i c  back  contac ts .  Ideally t h e  adhes ive  and  glass 

would b e  well  m a t c h e d  t o  t h e  t h e r m a l  expansion of AIGaAs, allowing a rigid 

bond to be f o r m e d  b e t w e e n  t h e  c e l l  a n d  glass. T h e  present  e l a s t o m e r  layer  

m a k e s  t h e  thin c e l l  very  suscept ible  t o  breakage.  In addi t ion t h e  thin c e l l  on 

C a A s  had a n  unexpec ted  de laminat ion  f rom t h e  c o v e r  g lass  t h a t  should be 

invest igated.  

7) h4aking e l e c t r i c a l  c o n t a c t  to t h e  thin cell.  T h e r e  a r e  t w o  a r e a s  h e r e  t h a t  

could benef i t  f r o m  innovat ive  ideas:  making low t e m p e r a t u r e  o h m i c  c o n t a c t s  

to  t h e  back of t h e  cel l ,  and  connec t ing  f rom t h e  o h m i c  c o n t a c t  layers  on both  

s ides  of t h e  c e l l  to  t h e  outs ide  world. 

8) Packaging of t h e  thin cells. Thin c e l l s  a r e  suscept ib le  to mechan ica l  d a m a g e ,  

b u t  could b e  p r o t e c t e d  wi th  a su i tab le  p a c k a g e  design. T h e  package  should 

a l s o  address  l o w  res i s tance  i n t e r c o n n e c t s  t o  both  s ides  of t h e  ce l l  and t h e r m a l  

t r a n s f e r  to  a h e a t  sink. 
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APPENDIX A 

CONCENTRATOR CELL GRID DESIGN 

Making t h e  assumption t h a t  a set of K l ines  rad ia t ing  in f r o m  t h e  edge,  equally 

spread  and  equal ly  s ized,  is t h e  best  design, w e  c a n  c a l c u l a t e  t h e  loss d u e  to shadow as: 
(see list of symbols  below) 

d P  = WJVKdr (WKdr is t h e  a r e a  shadowed, J V  is t h e  power p e r  un i t  a r e a )  

T h e  loss d u e  to l i n e  r e s i s t a n c e  is: 

dP = I2  d r  

w h e r e  I i s  t h e  t o t a l  c u r r e n t  g e n e r a t e d  in a c i r l e  of radius  r. 

T h e  loss d u e  to s h e e t  r e s i s t a n c e  is: 

J R D K d ,  2 3  
dP = 7 

2 r r  2 substituting D = K, I = J r r  , H = AW, we have 

dP = WJVK + .2 PJ27r2r4 + 2 r3J2Rr3)dr  ( A W K  K 2  

In t h e  mos t  g e n e r a l  case, K a n d  W a r e  both func t ions  of r. Opt imizing W gives: 

2 2 4  
= o  dP2 2PJ IT r 

AW'K 
= JVK - 
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Subst i tut ing t h i s  back  in gives: 

dP = ( P J ' x ~ ~ K V ~ ) ~ / ~  2 x 3 2  J Rr 3 
aF + 3 7  

Optimizing K gives: 

dP - 
aF- 2 

i n t e g r a t i n g  wi th  r e s p e c t  to r gives: 

expressed  as a f r a c t i o n  of t h e  p o t e n t i a l  power, w e  have: 

f o r  t h e  p a r a m e t e r s  w e  h a v e  assumed,  t h i s  works o u t  to  14.9%. This  P i s  exac t ly  4 /7  

shadow loss, 2/7 l ine  r e s i s t a n c e  loss, a n d  1/7 s h e e t  res i s tance  loss. 

In p r a c t i c e  however,  H (and t h e r e f o r e  W )  mus t  r ema in  c o n s t a n t  over  t h e  e n t i r e  

cel l ,  and  e a c h  c h a n g e  in  t h e  value of K is accomplished by a ring which al lows t h e  c u r r e n t  
to b e  red is t r ibu ted  a n d  a l s o  i n c r e a s e s  t h e  shadow loss. If K is c o n s t a n t  f r o m  r I  to r2, t h e  

loss in  t h a t  region is: 
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a n d  t h e  e x t r a  shadow loss due  t o  a ring at radius r is: 

P = 2mw3v. 

The optimum K fo r  a given r and  W c a n  be found from: 

P J2r2r4 4 T 3 2  J Rr 3 
WJV - 2 7 - 3 7 = 0 

T h e  opt imum r for  changing be tween two  values of K c a n  be  found from: 

2 2 4  PJ K r W J V  (K1-K2) + 

3 2  3 2 r J  Rr (-+ - +j + 27TWJv = 0 

where  K is t h e  number of l ines in  t h e  inner ring, and  K 

usually much g r e a t e r  t h a n  2n; t h e  l a s t  t e r m  c a n  usually be  neglected.  

in t h e  o u t e r  ring. Since K -K i s  I 2 1 2  

What t h e s e  equat ions do not give us is  t h e  opt imal  W, which must be  found by t r ia l  

and  error ,  and t h e  best  change  in t h e  value of K; t h a t  is, how many rings t h e r e  should be  

and  what  t h e  values of K should be. By t r ia l  and  e r ro r  i t  was found t h a t  if K increases  by 

a f a c t o r  of 1.7 at e a c h  ring, t h e  t radeoff  be tween reducing t h e  number of rings and  

keeping t h e  value of K c lose  t o  t h e  optimum is  abou t  even, so th i s  is t h e  opt imal  jump in 

K. 

In designing t h e  grid, W and  e a c h  value of K were  varied, calculat ing t h e  r's and  

t h e  losses e a c h  t ime, until  a minimum fo r  P was  found (approximately 16.4%). This design 

has, approximately,  t h e  s a m e  1:2:4 r a t i o  be tween sheet ,  l ine and  shadow losses which t h e  

theo re t i ca l  minimum has. 

Re f inemen t s  and  Limitat ions 

1. Uncertainty exis ts  in many of t h e  pa rame te r s ,  par t icular ly  P and A. 

Fortunately,  P and  A have  relat ively l i t t l e  effect on t h e  opt imum K 
(KYAIP) ). They have  a g r e a t e r  effect on t h e  opt imum plating height H, but 
this  can be  adjusted empirically a f t e r  t h e  mask is made. 
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2. This is a first-order approximation which assumes  t h a t  t h e  power losses 

combine  linearly. This is t r u e  only if t h e  losses themselves  a r e  small  
compared  with t h e  power ou tpu t  of t h e  cell. For example,  in t h e  equat ion fo r  
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3. 

4. 

Symbols: 

l ine res i s tance  loss, t h e  c u r r e n t  should b e  c o r r e c t e d  for  shadow loss, and  in t h e  

equat ion  f o r  shadow loss, t h e  vol tage  should b e  c o r r e c t e d  f o r  s e r i e s  
res is tance.  T h e  first of t h e s e  effects affects t h e  equat ions in much t h e  s a m e  

way as a c h a n g e  in  P o r  A, and, in fact, i t  is e x p e c t e d  to largely c a n c e l  t h e  

e r r o r  introduced by t h e  fact t h a t  t h e  assumed value of P i s  probably too low. 

Es t imat ing  t h e  effect of t h e  second yields a total power loss of 15.8%, ins tead  
of 16.4%. (Taking both  i n t o  account  and assuming t h a t  t h e  value f o r  P i s  

c o r r e c t  yields I L O % . )  

S o m e  c e l l  designs h a v e  used branches  to c h a n g e  t h e  value of K, ins tead  of 

c o m p l e t e  rings. This  resu l t s  in a slightly r educed  shadow loss, but  it does not  

just i fy  t h e  loss of redundancy coupled wi th  t h e  e x t r a  d i f f icu l ty  of fabr ica t ing  
t h e  mask. 

T h e  assumption h a s  been  m a d e  t h a t  c u r r e n t  will a lways  flow d i rec t ly  to t h e  

neares t  grid line. Par t icu lar ly  near  t h e  c e n t e r ,  th i s  m a y  not  be t rue;  t h e  

c u r r e n t  will follow t h e  p a t h  of least resis tance.  Thus, t h e  equat ions  f o r  s e r i e s  

res i s tance  a r e  conservat ive.  

2 J = a c t i v e  a r e a  c u r r e n t  densi ty  at max imum power point = 12.08 A / c m  

V = maximum power point  vo l tage  = 1.056 V 

W = width of l ines  (cm) 

K = number of l ines  around c i r c l e  

r = d i s t a n c e  f rom c e n t e r  of c e l l  (cm) 

p = resis t ivi ty  of m e t a l  l ines  = 2.6 x 

H = plat ing height  (cm) 

I = cell c u r r e n t  as a func t ion  of r 

R = s h e e t  res i s tance  = 400 sZ/O 

D = l i n e  spacing (cm) 

A = a s p e c t  ratio = H/W = 0.333 

P = power loss (wat t s )  

O c m  
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